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Abstract 
 
In 1995 and again in 1998, millions of pilchards (Sardinops sagax neopilchardus) 
were found dead or dying off the coast of Australia and also in New Zealand. The 
epizootics moved progressively, at a rapid speed against the prevailing currents. A 
previously unrecognised herpesvirus, Pilchard herpesvirus (PHV), was identified as 
the causative agent. 
Until recently, rapid and sensitive methods to detect PHV were not available and 
based on a previously identified and conserved 373 bp region of the genome, 
polymerase chain reaction (PCR), in situ hybridisation and real-time PCR methods 
were developed for the specific detection of PHV in formaldehyde-fixed and frozen 
tissues of pilchards. Real-time PCR was shown to have greater sensitivity than a 
conventional PCR and in situ hybridisation for the detection of PHV infection.   
The PCR assay and sequence analysis of the amplification products was used to 
compare the 373 bp region of the genome from strains obtained during the 1995 
and 1998 epidemics.  Significant differences between the strains were not detected.  
Additional sequence data was obtained adjacent to the 373 bp of known PHV 
sequence, which did not match any sequence in any of the genetic databases, and 
this will be invaluable for further study of the pilchard herpesvirus and the 
development of improved detection methods.   
The molecular-based methods of virus detection developed were applied to a re-
examination of virus in paraffin-embedded tissues taken from fish during an attempt 
to transmit the virus to wild caught pilchards in 1999.  The results obtained 
confirmed previously equivocal results that transmission of PHV to wild caught 
pilchards was achieved, although this experiment failed to demonstrate that 
transmission of the virus resulted in severe lesions typical of those seen in the 
epizootics. 
Using formaldehyde-fixed samples from fish collected during the 1998 PHV 
epizootic, virus was detected in fish collected 4 days prior to the occurrence of the 
epizootic even though the fish then appeared clinically normal, during the epizootic, 
and 8 days after mortalities had ceased. 
An investigation of wild pilchards collected from 4 Australian pilchard sub-
populations using real-time PCR demonstrated that PHV was present in the gills of 
13.75% of 800 fish sampled, indicating that the virus is now endemic in the 
Australian pilchard population.  Variation in the prevalence of PHV infection in the 4  
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subpopulations was detected, higher in western and southern populations than in 
populations from the east coast.  The endemic nature of PHV infection in the 
pilchard population explains why there have been no further epizootics with mass 
mortalities since 1998.  
  iv
Acknowledgements 
 
Work on Pilchard herpesvirus has been made possible through the support of the 
Fisheries Research and Development Corporation, who funded the project, the 
Department of Fisheries WA, where the majority of the work was done, and 
Murdoch University, WA. 
 
This project would not have been possible without mentoring from my supervisors, 
Dr. Brian Jones and Prof. Graham Wilcox, both of whom allowed me to tap into their 
wealth of knowledge. They assisted me in deciding upon aims and objectives, 
interpretation of data and when, where and how to use different writing styles.  
 
Thank you to Brian for his never-ending support and guidance throughout this 
project. For someone that is so busy, Brian has always made time to answer my 
questions and set me on the right path.  
 
Thank you also to Graham for his guidance, especially with data interpretation and 
in the editing of this thesis. 
 
This project allowed me to work with some interesting and talented people, but I 
would especially like to thank Dr. Mark Crane and Dr. Ken McColl of the Australian 
Animal Health Laboratory in Geelong, and also Prof. Richard Whittington of the 
University of Sydney for their hospitality during my visit, their guidance and 
contributions to work on Pilchard herpesvirus, and for broadening my scientific 
perspective. 
 
Thank you to my partner, Aaron, for enduring the many highs and lows of research, 
and the moods that go with them. I am sure that at times it felt like the world evolved 
around pilchards and herpesviruses, and that often during this project you didn’t 
have my full attention. Our weekends can now be free of pilchards.  
 
And last, but certainly not least, to my dad, Graham, whose courage and strength in 
everyday life has taught me the power of persistence, determination…and laughter.  
  v
Publications 
 
Published 
 
Crockford M. (2004) Australian and New Zealand Standard Diagnostic Procedure: 
White Spot Disease. PDF file on website: 
www.affa.gov.au/corporate_docs/publications/pdf/animalplanthealth/aquatic/whitespot_disease_sdt 
 
Crockford M., Jones J.B., Crane M.S.J. and Wilcox G.E. (2005) Molecular detection 
of a virus, Pilchard herpesvirus, associated with epizootics in Australasian pilchards 
Sardinops sagax neopilchardus. Diseases of Aquatic Organisms 68(1): 1-5 
 
Jones J.B., Crockford M., Whittington R.J., Crane M.S.J. and Wilcox G.E. (2006) 
Aquatic Animal Health Subprogram: pilchard herpesvirus infection in wild pilchards. 
Fisheries Research and Development Fund Corporation Project Number 2002/044.  
 
 
In Draft 
 
Crockford M., McColl K., Jones J.B. and Wilcox G.E.  Comparison of 3 molecular 
methods for the detection of Pilchard herpesvirus in archived paraffin-embedded 
tissue and frozen tissue.  Submitted to Diseases of Aquatic Organisms 2007; 
currently under peer review 
 
Whittington R.J., Crockford M., Jordan D. and Jones J.B. Survey for herpesvirus in 
pilchard, a marine pelagic finfish, in Australia. Accepted for submission in Journal of 
Fish Diseases 2007 
 
Crockford M., Jones J.B., Hillier P. and Wilcox G.E. Molecular detection of Pilchard 
herpesvirus in archived pilchard (Sardinops sagax neopilchardus) paraffin-
embedded tissues from a transmission trial conducted in 1999.  
  vi
Table of contents 
 
Declaration           i 
Abstract           ii 
Acknowledgements          iv 
P u b l i c a t i o n s            v  
Abbreviation  and  definitions        ix 
 
CHAPTER 1.  GENERAL INTRODUCTION           1 
 
CHAPTER 2.  REVIEW OF THE LITERATURE          3 
     2.1  INTRODUCTION         3 
          2.1.1 Location and origin of the PHV epizootics        3 
          2.1.2 Method of transmission of PHV            5 
          2.1.3 Possible environmental influences contributing  
       to the epizootics                6 
          2.1.4 Pathology of the PHV-associated disease        7 
          2.1.5 Clinical signs of PHV infection            7 
          2.1.6 Lesions associated with the PHV infection        8 
          2.1.7 Identification of PHV within the gills of affected pilchards    9 
          2.1.8 Diagnosis of PHV infection            12 
     2.2  AQUATIC HERPESVIRUSES       13 
          2.2.1 Channel catfish virus              14 
          2.2.2 Oncorhynchus masou virus            19 
          2.2.3 Salmonid herpesvirus 1              20 
          2.2.4 Koi herpesvirus                21 
          2.2.5 Cyprinid herpesvirus 1              22 
          2.2.6 Goldfish haematopoietic necrosis virus          24 
          2.2.7 Ranid herpesviruses              25 
          2.2.8 Other aquatic herpesviruses            26 
     2.3  OVERVIEW OF HERPESVIRUS BIOLOGY      27 
          2.3.1 General characteristics of herpesviruses        27 
          2.3.2 Herpesvirus replication              30 
          2.3.3 Encapsidation and release of virus particles        36 
          2.3.4 Latency in herpesviruses        3 7  
  
  vii
CHAPTER 3.  ATTEMPTS TO OBTAIN ADDITIONAL PILCHARD  
HERPESVIRUS  SEQUENCE  DATA      40 
     3.1  SUMMARY          40 
     3.2  INTRODUCTION         40 
     3.3  MATERIALS AND METHODS       41 
          3.3.1 Extraction of DNA from gill tissue          41 
          3.3.2 PCR for the detection of PHV            42 
          3.3.3 pZErO DNA library used to obtain additional  PHV  
                   genomic sequence data             42 
          3.3.4 PCR for the detection of insert in pZErO plasmids      43 
          3.3.5 Freeze-squeeze method for extraction of DNA  
                   from agarose gels              43 
          3.3.6 Sequencing                44 
     3.4  RESULTS          45 
          3.4.1 Development of PCR based on the ORF 62 gene      45 
          3.4.2 Comparison of 373 bp of PHV genomic DNA extracted  
                   from tissues of fish in the 1995 and 1998 PHV epizootics    47 
          3.4.3 Attempt to obtain additional sequence of PHV using  
                   pZErO DNA library              47 
     3.5  DISCUSSION          50 
 
CHAPTER 4.  ATTEMPTED TRANSMISSION OF PILCHARD  
HERPESVIRUS TO WILD CAUGHT PILCHARDS      53 
     4.1  SUMMARY          53 
     4.2  INTRODUCTION         53 
     4.3  MATERIALS AND METHODS            54 
          4.3.1 Transmission trial              54 
          4.3.2 ISH                  56 
               4.3.2.i Riboprobes                56 
               4.3.2.ii ISH procedure              56 
          4.3.3 DNA extraction from paraffin-embedded tissues      58 
               4.3.3.i Preparation of tissue sections          58 
               4.3.3.ii Extraction of DNA from tissue sections        59 
          4.3.4 PCR assay                59 
          4.3.5 Real-time PCR assay              59 
     4.4    RESULTS          61 
          4.4.1 1999 transmission trial in wild-caught pilchards       61  
  viii
          4.4.2 ISH                  62 
          4.4.3 PCR                  62 
          4.4.4 Real-time PCR                62 
     4.5  DISCUSSION                 67 
 
CHAPTER 5.  EPIDEMIOLOGICAL ASPECTS OF PILCHARD  
HERPESVIRUS  INFECTION       70 
     5.1    SUMMARY          70 
     5.2  INTRODUCTION                70 
     5.3  MATERIALS AND METHODS            71 
          5.3.1 Fish samples                71 
          5.3.2 ISH                  72 
          5.3.3 PCR                  72 
          5.3.4 Real-time PCR                73 
     5.4    RESULTS          74 
          5.4.1 Histological examinations            74 
          5.4.2 ISH                  74 
          5.4.3 PCR                  75 
          5.4.4 Real-time PCR                77 
     5.5  DISCUSSION                 79 
 
CHAPTER 6.  A SURVEY OF WILD PILCHARDS FOR THE PRESENCE  
OF PILCHARD HERPESVIRUS          81 
     6.1    SUMMARY          81 
     6.2  INTRODUCTION                81 
     6.3  MATERIALS AND METHODS            82 
          6.3.1 Survey design                82 
          6.3.2 Fish samples                83 
          6.3.3 Extraction of DNA from gill tissue          83 
          6.3.4 Real-time PCR                84 
     6.4  RESULTS                  85 
     6.5  DISCUSSION                 89 
 
CHAPTER 7.  GENERAL DISCUSSION            92 
 
BIBLIOGRAPHY          98  
  ix
Abbreviations and definitions 
Abbreviation  Definition 
 
AAHL     Australian  Animal Health Laboratories 
ATP     Adenosine  triphosphate 
BAC     Bacterial  artificial  chromosome 
bp     base  pair 
CCO     Channel  catfish  ovary 
CCV     Channel  catfish  virus 
CHV1     Cyprinid  herpesvirus  1 
cm     centimetre 
CMV     Cytomegalovirus 
CNGV     Carp  nephritis  and  gill  necrosis  virus 
DAS     Downstream  activating  sequence 
DBF     DAS  binding  factor 
DNA     Deoxyribonucleic  acid 
E     Early  (gene) 
EBV     Epstein-Barr  virus 
E.coli       Escherichia coli 
FHL     Fish  Health  Laboratory 
FV4        Frog virus 4; RaHV2 
g       times gravity 
GFHNV     Goldfish  haematopoietic  necrosis  virus 
h     hour 
HEPC     Herpesviral  epidermal  proliferation  in  carp 
HSC     Herpesvirus  septicaemia in carp 
HSV1     Herpes  simplex  virus  1 
HVEM     Herpesvirus  entry  mediators 
HVHN     Herpesviral  haematopoietic necrosis 
IE     Immediate  early  (gene) 
ISH       in situ Hybridisation 
IU     International  unit 
kbp     kilo  base  pairs 
kg     kilogram 
KHV     Koi  herpesvirus    
km     kilometre 
L     Late  (gene) 
LAT     Latency-associated  transcript 
LB     Luria-Bertani  (broth  or  medium) 
LTHV     Lucke  tumour  herpesvirus;  RaHV1 
M     molar 
mg     milligram 
MHC     Major  histocompatibility  complex  
  x
MHV     Murine  herpesvirus 
min     minute 
mL     millilitre 
mM     millimolar 
MQ     Milli-Q  (water) 
mRNA     messenger  RNA 
MW     Molecular  weight 
ng     nanogram 
nm     nanometre 
nmol     nanomole 
NSW     New  South  Wales 
NZ     New  Zealand 
OMV     Oncorhynchus  masou  virus 
ORF     open  reading  frame 
Ori     Origin  of  replication 
PCR     Polymerase  Chain  Reaction 
PHV     Pilchard  herpesvirus 
pmol     picomole 
RaHV1     Ranid  herpesvirus  1;  LTHV 
RaHV2     Ranid  herpesvirus  2;  FV4 
RNA     Ribonucleic  acid 
SA     South  Australia 
SaHV1     Salmonid  herpesvirus  1 
SaHV2     Salmonid  herpesvirus  2 
sec     second 
TIF     Transcription  initiation  factor 
TK     thymidine  kinase 
TNF     Tumour  necrosis  factor 
U     Units  of  enzyme  activity 
UK     United  Kingdom 
µL     microlitre 
UL     unique  long  (region  of  herpesvirus  genome) 
µM     micromolar 
US     unique  short  (region  of  herpesvirus  genome) 
USA     Unites  States  of  America 
UV     ultra-violet 
VHS        Viral host shutoff (protein) 
v/v     volume  per  volume 
VZV     Varicella-Zoster  virus 
WA     Western  Australia 
WSHV1     White  sturgeon  herpesvirus  1 
WSHV2     White  sturgeon  herpesvirus  2 
    
  1
Chapter 1.  General introduction 
 
 
Between March and September in 1995, high mortality rates were reported in 
pilchards (Sardinops sagax neopilchardus) for over 5000 kilometres (km) of the 
Australian coastline, their entire geographical range, and similar mortalities were 
reported in over 500 km of the New Zealand coastline (Whittington et al., 1997). The 
Australian epizootic moved progressively against the prevailing Leeuwin and East 
Australian currents (Griffin et al., 1997) at a rate of approximately 21 km per day to 
the west and 40 km per day to the east (Murray et al., 2000). Deaths were seen in 
only adult pilchards (>11 cm length) and no deaths were seen in other species, 
including predators (Gaut, 2001). It is estimated that in Western Australian waters at 
least 10% of the pilchard population died during the epizootic (Whittington et al., 
1997). The estimated loss to the pilchard fishery as a consequence of the 1995 
epizootic was approximately $12 million (Gaut, 2001). 
Significant lesions were confined to the gills and comprised acute to subacute 
inflammation followed by epithelial hypertrophy and hyperplasia leading to death by 
asphyxiation (Whittington et al., 1997). A herpesvirus was detected consistently by 
electron microscopy in gills of affected fish but not in unaffected pilchards sampled 
ahead of the epizootic front, or in surviving fish sampled after the epizootic had 
ceased (Jones et al., 1997; Fletcher et al., 1997). It was concluded that the 
herpesvirus detected, designated Pilchard herpesvirus (PHV), was the most likely 
cause of the mortalities, although the source of the virus was not determined (Gaut, 
2001).  
A second epizootic began in October in 1998 (Gaut, 2001) and by mid-1999 had 
spread throughout the Australian pilchard population (Murray et al., 1999), again 
associated with high mortality rates and the presence of herpesvirus in the gills of 
diseased fish.  In this epizootic, the spread of the epizootic was much slower than 
that in 1995, the affected pilchards included some juveniles, and the mortality rate 
appeared to be higher, particularly in Western Australia (WA) where on the south 
coast an estimated 70% of the pilchard population died (Gaughan et al., 2000). 
The nature of PHV infections, occurring as major epizootics with no known 
continuation of the infections between or after these epizootics, has made study of 
the infections difficult as it has been necessary to rely on fish samples collected 
during the epizootics and stored frozen or formaldehyde-fixed.  The only assay for 
the virus, other than electron microscopy, was a PCR developed at the Australian    
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Animal Health Laboratory, which has enabled the initial sequence of 422 bp of the 
genome of PHV to be determined. Much is still to be determined about PHV and the 
infection in pilchards.  For example, it is not known if PHV in the 1995 and 1998 
epizootics was the same, or if the virus is still present in the Australian pilchard 
population.  Other improved assays methods and additional sequence data are 
required to further investigate PHV and the associated disease.  
In this thesis, a series of studies are reported which were conducted to improve our 
understanding of the nature of the pilchard epizootics and PHV infection during the 
epizootics and in the current pilchard population.  Prior to undertaking these studies, 
a review of the literature was undertaken with the aim of providing a better 
understanding of the similarities of PHV to other fish herpesviruses and the PHV 
infections in pilchards to infections produced by other fish herpesviruses, and this is 
reported in Chapter 2. A limited amount of sequence data was obtained by early 
research groups investigating the pilchard epizootics which confirmed the identity of 
the virus but more sequence data was required to better characterise PHV, in terms 
of how the virus from the 1995 epizootic relates to the virus from the 1998 epizootic, 
and how these viruses relate to other fish herpesviruses. In Chapter 3, an alternative 
PCR assay for the detection of PHV and the application of this assay in an attempt 
to obtain more sequence data and to compare strains of PHV obtained from the 
1995 and 1998 epizootics is described. A real-time PCR assay with greater 
sensitivity than conventional PCR, and an in situ hybridisation assay, were also 
developed to detect PHV and were used to reinvestigate PHV infection in tissues 
from an experiment conducted in 1998 to determine if PHV could be transmitted to 
wild fish stocks; these studies are described in Chapter 4. The real-time PCR was 
also used in epidemiological studies to determine the status of PHV in fish collected 
before, during and after the 1995 epizootic, and within the current pilchard 
population, and these studies are described in Chapters 5 and 6.  A general 
discussion of the results obtained and the conclusions made during the studies 
reported in Chapters 3, 4, 5 and 6 is provided in Chapter 7. 
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Chapter 2.  Review of the literature  
 
2.1  Introduction 
 
In 1995 and again in 1998, epizootics of disease were seen in Australian pilchard 
stocks and a herpesvirus designated pilchard herpesvirus (PHV) was identified as 
the cause. During the 1995 epizootic, in spite of its spectacular nature, the mortality 
appeared to affect only a small proportion of the pilchards; even within a given 
school many pilchards survived (Murray et al., 2000). The surviving pilchards had 
lesions, indicating that they had survived PHV infection rather than avoided it 
(Murray et al., 2003). 
Scientists all over the world have carried out extensive research on a vast range of 
herpesviruses, yet still many mysteries remain, and PHV is now just a part of the 
large puzzle. There are many publications resulting from research on herpesviruses 
and the following literature review focuses on PHV and the epizootics with which it 
was associated, other aquatic herpesviruses and their relationship to PHV, and 
general characteristics of the Herpesviridae family which will provide a background 
to further study of the PHV.   
 
2.1.1  Location and origin of the PHV epizootics 
Mortalities on a massive scale of the pilchard Sardinops sagax neopilchardus 
commenced in March 1995 in central southern Australian coastal waters and spread 
rapidly in both easterly and westerly directions (Whittington et al., 1997) as a 
travelling frontal wave (Shigesada and Kawasaki, 1997). No other species of fish 
were affected, and the epizootic was observed progressively travelling over 4 
months along more than 5000 km of the Australian coastline, representing the total 
geographical range of the species in Australia (Whittington et al., 1997). The 
mortality events travelled against strong prevailing Leeuwin and East Australian 
currents and were not stopped by numerous storm events (Griffin et al., 1997). The 
fronts were observed to move at a rate of approximately 21 km per day to the west 
and 40 km per day to the east (Murray et al., 2000). Pathological examination 
showed affected pilchards to have gill lesions that would have caused asphyxiation    
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(Whittington et al., 1997). Examinations of the lesions by electron microscopy 
revealed the presence of herpesvirus particles (Hyatt et al., 1997). 
A similar phenomenon commenced in north eastern New Zealand waters in June 
1995, eventually affecting pilchards along 500 km of the coast (Whittington et al., 
1997). The most noticeable difference between the pilchards that died in New 
Zealand and those in Australia was that the Australian pilchards showed epithelial 
hyperplasia in the gills, whereas the New Zealand affected pilchards only displayed 
“simple disruption” and loss of epithelium (Hine, 1996). 
A second epizootic, similar to the 1995 epizootic, began in October 1998 and lasted 
until May 1999 in Western Australia and January 1999 on the eastern coast of 
Australia, again covering the geographical range of Australian pilchards. 
Histopathology revealed that the disease process was consistent with viral infection 
(Crane, 1999). The presence of virus particles in affected pilchards in Western 
Australia was confirmed by negative staining transmission electron microscopy and 
herpesvirus particles were found to be associated with epithelial cells (Dr. Brian 
Jones, personal communication).  
Due to the similarities of the 1998 epizootic to the 1995 epizootic, it was assumed 
that the aetiological agent for the 2 epizootics was the same, and herpesvirus 
particles were consistently present in the gills of affected fish in both epizootics. 
However, sampling methods and testing procedures for detection and diagnosis of 
the herpesvirus were and are still lacking, and so an accurate comparison of virus 
from both epizootics is yet to be made. 
Jones et al. (1997) stated that there have been no other progressive large-scale 
epizootics affecting pilchards in Australasia, and, to their knowledge, the 1995 
epizootic was the largest mortality event ever recorded in any fish species in terms 
of both numbers affected and geographic range. The origin of the infectious agent in 
Australia is still unknown, and studies of the 1995 epizootic suggested that the agent 
was new to Australian and New Zealand pilchards (Fletcher et al., 1997; Griffin et 
al., 1997; Hyatt et al., 1997; Jones et al., 1997; Whittington et al., 1997).  
How the infectious agent was introduced into Australian and New Zealand pilchards 
remains unknown.  Migratory birds, ballast water from shipping (Munday et al., 
1994) and the importation of baitfish (Yasunaga, 1982; Humphrey, 1995) are 
possible mechanisms for the introduction of an exotic infectious agent into 
Australasian waters (Jones et al., 1997). Unfortunately, the diagnostic tools to test 
these possible sources are still under development.    
  5
Baitfish of species Sardinops sagax and a mix of bycatch species including other 
clupeoids from California, Peru, Chile and Japan are imported, without quarantine 
and on a scale of over 16,000 tonnes per annum, for feeding sea-caged southern 
bluefin tuna in South Australia, which is near where both epizootics began (Jones et 
al., 1997). It has been hypothesised by Gaughan et al. (2000) that these imports, 
which undergo only limited disease testing, were the most likely source of 
introduction of the herpesvirus. 
The pilchard deaths in New Zealand started 4 weeks after a shipment of frozen 
pilchards was received from Bremer Bay in Western Australia, and the site where 
these imported pilchards were used was also the site where the New Zealand 
epizootics started (Fletcher et al., 1997). If Pilchard herpesvirus (PHV) is being 
introduced into Australian waters, then another epizootic could occur at any 
opportune time. 
 
2.1.2  Method of transmission of PHV 
The virus could have been introduced in both 1995 and 1998, or it could have 
persisted within the population from 1995 and perhaps the disease onset in 1998 
was triggered by one or more factors. Models have been proposed on how the virus 
spread so quickly.  
The speed of the 1995 epidemic, approximately 30 km per day, was remarkable, as 
this is close to the maximum swimming speed of pilchards. The mortality lasted for 
only a few days at any given location, except the first few weeks of the epidemic. 
The speed of the 1998 epidemic front was approximately half that of 1995, but this 
was still a rapid rate of spread. (Murray et al., 2000) 
Although the spread of the deaths was much slower in 1998, higher mortality rates 
were seen, particularly in Western Australia, where on the south coast 
approximately 70% of the pilchard biomass died (Gaughan et al., 2000), compared 
with an estimated 10-15% in 1995 (Fletcher et al., 1997).  
During the disease epizootic, affected pilchards only exhibited signs of stress a few 
minutes before dying (Whittington et al., 1997) allowing infected and uninfected fish 
to school together (Murray et al., 2003). The most recent research proposes that the 
schooling patterns of pilchards, involving contact within and also between schools, 
have allowed the rapid spread of the disease (Murray et al., 2003). 
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2.1.3  Possible environmental influences contributing to the epizootics 
While it was suspected, there is no evidence to confirm that environmental 
influences had any role in the epizootics (Griffin et al., 1997; Fletcher et al., 1997). 
Whittington et al. (1997) explained that fish suffering from environmentally-mediated 
chemical and toxicological insults show changes clearly dissimilar to those seen in 
affected pilchards.  The absence of relevant pathological findings was consistent 
with the lack of evidence of an environmental insult (Whittington et al., 1997). The 
1995 and 1998 epizootics were unrelated to oceanographic features or toxic 
phytoplankton (Gaut, 2001). No single oceanographic disturbance was reported 
across Australia and New Zealand (Griffin et al., 1997), and the spread of the 
disease was not impeded or assisted by prevailing currents or storms and it is 
impossible to conceive of a man-made toxin affecting such a wide region of the sea 
(Whittington et al., 1997). It was concluded that an infectious agent was the primary 
causative agent; the question of whether it is infective alone or with the assistance 
of other factors remains unanswered. 
There is a possibility that small fish could be introduced into ballast tanks in the 
process of filling and some species may be able to survive for some time; however 
there have been no anecdotal reports of fish in ballast tanks in Australasian waters, 
and the sampling method used during the mortality events would not have been 
likely to detect fish in ballast tanks (Seller, 1999). 
Several fish viruses are known or suspected to be transferred by piscivorous birds 
through regurgitation of infected fish or passage of viable virus in faeces (Olesen & 
Vestergard-Jorgensen, 1982; Peters & Neukirch, 1986; Whittington et al., 1997). 
During the 1995 epidemic, many observers noted birds feeding from or near 
affected shoals of pilchards in both Australia and New Zealand (Jones et al., 1997; 
Whittington et al., 1997). The pilchard comprises a large proportion of the diet of the 
seabird known as the gannet in both Australian and New Zealand waters (Wingham, 
1985; Norman & Menkhorst, 1995). Gannets were seen in New Zealand eating 
pilchards along the mortality front and arriving in Wellington Harbour just before the 
mortalities began there (Jones et al., 1997). Gannets were also seen associated 
with the mortality front in Western Australia (Jones et al., 1997), so this could 
explain the rapid spread of the mortalities.   
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2.1.4  Pathology of the PHV-associated disease 
The nature of the gill pathology enabled microbial agents other than the herpesvirus 
to be excluded (Whittington et al., 1997). Filamentous bacteria were observed in 
some severely affected gills, but they were not present in sufficient numbers to be 
significant (Whittington et al., 1997). The only common feature to all dead fish in 
both epizootics was the appearance of a herpesvirus in lesions in the gills (Gaut, 
2001). This virus could be detected by electron microscopy for only a few days 
before the mortalities began (Whittington et al., 1997). 
Other candidate pathogens were not present in early lesions, were found 
inconsistently, or were present in low numbers (Whittington et al., 1997). Whittington 
et al. (1997) proposed that the herpesvirus was the aetiological agent. 
Whittington et al. (1997) stated that to their knowledge, the 1995 pilchard mortality 
event was the only extensive and progressive epizootic to have affected the 
Australasian pilchard. Jones et al. (1997) suggested various possibilities for the 
emergence of PHV, such as the virus horizontally transferring across from another 
species, that it was a reactivation of latent virus, that it emerged from an existing 
herpesvirus, or that it was a recent introduction. For the 1995 epizootic, the 
suggestion that PHV was reactivation of a latent infection is extremely unlikely, as 
the disease was not previously seen on any scale and there appeared to be a lack 
of any stressor to trigger the reactivation of the virus (Jones et al., 1997). The 
specificity of herpesviruses to their host (Hyatt et al., 1997) makes it highly unlikely 
that PHV was transferred from another species. 
 
2.1.5  Clinical signs of PHV infection 
During the 1995 epizootic, dying pilchards were seen swimming slowly and 
erratically, lying on their sides at the surface, leaping out of the water, or surfacing 
vertically until the head was out of the water and then sinking tail first (Whittington et 
al., 1997). Upon stimulation, many fish within the affected schools would shudder 
violently, then die and float to the surface before sinking to the bottom (Hyatt et al., 
1997).  Death occurred within minutes of the first sign of distress while the remaining 
fish were schooling normally (Whittington et al., 1997). The rate of mortality 
increased suddenly when the school was startled; flashing behaviour commenced 
within 15 seconds and death within 3 to 5 minutes (Whittington et al., 1997). 
Observers on boats noted that affected pilchards comprised a small proportion of 
the pilchards in schools that appeared otherwise to behave normally (Whittington et    
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al., 1997). Some pilchard schools appeared affected while others in close proximity 
appeared unaffected (Hyatt et al., 1997) and some were seen to be schooling 0.5 to 
3 metres below the large rafts of dead fish that were floating on the surface 
(Whittington et al., 1997). An underwater observation of dying pilchards in 
Wellington Harbour, New Zealand, during the 1995 mass mortality noted that many 
fish also sank to the bottom (Whittington et al., 1997). It is also possible that some 
pilchards that sink after death may later rise to the surface (Gaughan et al., 2000).  
In the 1995 epizootic, the affected schools were comprised only of fish longer than 
11 cm (Hyatt et al., 1997).  
It was postulated that the pilchards affected in the 1995 epizootic were naïve to the 
virus, and the virus appeared to be size-specific and affected only adult fish. 
However, during the 1998 epizootic, there were isolated reports in Victoria of a few 
juveniles being affected as well as adults. This may be related to the sexual maturity 
of the fish at the time of infection. One possible explanation is that the juveniles 
present during the 1995 epizootic may have become carriers, and if the virus 
infectivity were related to the sexual maturity of the carrier fish, then the juveniles 
from the 1995 epizootic would have reached their sexual maturity in the years 1998. 
This may explain why some juveniles were infected in 1998 but not in 1995. It does, 
however, still appear suspicious that both epizootics started in South Australia, 
where the imported baitfish were being used in open seas, and this theory still does 
not explain why a limited number of juveniles were affected in the 1998 epizootic. If 
this theory was correct, then there is still no reason for juveniles to be affected. 
Murray et al. (2003) suggested that the schooling patterns of pilchards may have 
contributed to only a small proportion of juveniles being infected; in most cases 
juveniles school separately, but still in the vicinity, of adult pilchards. 
 
2.1.6  Lesions associated with the PHV infection 
All affected pilchards showed moderate to severe inflammation in the gills 
(Whittington et al., 1997) with enlargement of the gills due to both hypertrophy (an 
increase in the size of the cells) and hyperplasia (abnormal proliferation of the cells). 
There was also sloughing of epithelial cells and general oedema of the gills. Blood 
gas analysis revealed elevated carbon dioxide levels (hypercapnia), decreased 
oxygen levels (hypoxaemia) and a significantly reduced blood pH, leading to 
asphyxiation the ultimate cause of death (Whittington et al., 1997). 
The primary inflammatory lesion led to leakage of protein from pillar capillaries and 
exudation of inflammatory cells into the subepithelial space (Jones et al., 1997).    
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Eosinophilic granulocytes were common in the exudates, and neutrophils, 
lymphocytes and a few active macrophages were present also (Jones et al., 1997). 
The epithelial cells enlarged and extended cytoplasmic processes that joined to 
those from adjacent secondary lamellae, and islands of epithelium appeared in the 
interlamellar troughs, eventually obliterating these spaces (Jones et al., 1997). The 
data suggested that mild focal lesions became generalised and severe over about 4 
days (Whittington et al., 1997). The morphogenesis of the gill lesions and the 
development of lamellar fusion through contact of attenuated cell extensions 
followed by hyperplasia were remarkable and have not been described before 
(Whittington et al., 1997). The lack of both mucous cell activity and epithelial 
degeneration and necrosis was also notable (Jones et al., 1997). 
Pathological examination of other tissues was carried out mainly on affected 
pilchards from New South Wales (NSW).  In NSW, fish with enlarged spleens 
engorged with erythrocytes, and small spleens with few erythrocytes were seen, 
whilst the liver in most fish showed mild to marked vacuolar change and the 
gastrointestinal tract demonstrated mild to severe autolysis (Whittington et al., 
1997), although the significance of the autolysis to the epizootic is unknown. There 
were no significant findings in other tissues of affected pilchards from Western 
Australia, although parasites were found in the musculature and liver of some 
(Fletcher et al., 1997). 
The appearance of the gills and lesions of pilchards affected in the 1995 and 1998 
epizootics was very similar.  
 
2.1.7  Identification of PHV within the gills of affected pilchards 
The virus was identified by its ultrastructural and replicative characteristics (Jones et 
al., 1997). Examination of whole fish and individual organs revealed that lesions 
were present only within the gills of affected fish (Whittington et al., 1997). These 
gills were dissected and processed for the production of ultra-thin sections and/or for 
negative contrast electron microscopy (Hyatt et al., 1997).  Examination of clarified 
homogenates from the gills of affected fish revealed the presence of a virus-like 
particle (Figure 2; Hyatt et al., 1997) within the epithelial cells of the secondary 
lamellae of dead and moribund pilchards (Hyatt et al., 1997).  Viruses were not 
detected in homogenates prepared from unaffected (healthy) fish (Hyatt et al., 
1997).  
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Figure 2.1. Electron micrograph of PHV within the gill of an infected pilchard. Virus can be 
seen both as a naked capsid and an enveloped virus particle. Photograph provided by the 
Fish Health Laboratory in Western Australia. 
 
The virus was present as naked icosahedral capsids, of approximately 96 ± 3 nm in 
diameter and as enveloped virions, which varied greatly in size from 120 to 280 nm 
in diameter (Hyatt et al., 1997). Around the periphery of most capsids distinct 
serrations were obvious (Hyatt et al., 1997), corresponding to 5 capsomeres on 
each edge of the icosahedral capsid, giving a total of 162 capsomers (Jones et al., 
1997). Capsomers had a mean diameter of 12 ± 1 nm and possessed axial holes 
(Hyatt et al., 1997). The envelope possessed 17-19 nm surface projections that 
terminated as cylindrical knobs (Hyatt et al., 1997). Viruses were observed within 
both the nucleus and cytoplasm (Jones et al., 1997). 
The nucleocapsids acquired teguments from membrane-bound vesicles containing 
an electron-dense matrix (Jones et al., 1997). Following this event, the viruses 
appeared to either bud into smooth-surfaced vesicles that were presumably 
components of the Golgi apparatus, or budded directly from the cell via the plasma 
membrane (Jones et al., 1997). 
Structure of gills from unaffected fish 
Secondary lamellae were of uniform length, straight and evenly distributed along the 
primary lamellae (Whittington et al., 1997). Primary and secondary lamellae were 
covered with a single layer of squamous epithelial cells possessing a dense 
ribosome-rich cytoplasm and a central ovoid nucleus (Hyatt et al., 1997).  
Fibroblasts with associated fibres and rodlet cells were observed towards the base 
of the primary lamellae. Fine granulocytes with elongated rod-like granules, and 
eosinophilic granulocytes with ovoid granules containing a rod-like core, were also 
more frequently observed in the primary lamellae, but were never numerous (Hyatt 
et al., 1997).    
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Chloride cells were abundant on some primary lamellae but were absent from others 
(Whittington et al., 1997). Where present, chloride cells were restricted to the bases 
of the interlamellar spaces and were found singularly, in pairs or groups along the 
entire length of the primary lamellae, either within or below the epithelium 
(Whittington et al., 1997). 
Structure of gills from affected fish 
The ultrastructural pathology of gills from affected pilchards varied but consistently 
included mild to severe hyperplasia of the secondary lamellae (Hyatt et al., 1997). 
Secondary lamellae were folded, distorted and apparently shortened (Whittington et 
al., 1997). The secondary lamellae of all affected pilchards contained some 
epithelial cells that appeared hypertrophic and were infected with herpesviruses; 
these cells varied in number within any one gill and between individuals (Hyatt et al., 
1997). Virus-infected cells appeared to be swollen and to become progressively 
detached from the adjacent epithelial cells and the underlying basal lamina (Hyatt et 
al., 1997). 
Detachment of the cells was frequently accompanied by dissolution or fragmentation 
of the nuclear and plasma membranes, which in turn was associated with cell lysis 
(Hyatt et al., 1997). Detached chloride cells containing prominent dilated tubular 
systems were also associated with the disrupted epithelium; occasionally a virus 
particle was observed within one of these cells (Hyatt et al., 1997). 
The epithelial cells were hypertrophic, deeply basophilic and detached segmentally 
from the basement membrane (Whittington et al., 1997). The subepithelial space 
was empty or contained eosinophilic fibrillar and granular material and/or a mixed 
inflammatory cell exudate with small numbers of eosinophilic granulocytes, chloride 
cells, lymphocytes, occasional neutrophils, macrophages and cell debris 
(Whittington et al., 1997). 
Many eosinophilic granulocytes were present within the primary and secondary 
lamellae, where they appeared to be either dense and degenerate or lysed, 
releasing their characteristic granules. Macrophages, in addition to detached 
epithelial cells, were also observed within the interlamellar spaces and contained 
necrotic cell debris and numerous viral capsids. Many of these capsids contained 
toroids at different stages of development (Hyatt et al., 1997). 
One of the problems with the diagnosis was that the herpesvirus was extremely 
difficult to detect, and there were a lack of tests available to confirm the histological 
diagnosis. The virus could be detected by electron microscopy, but virus particles    
  12
were limited even in the best specimens, and the herpesvirus could not be found by 
electron microscopy in many fish that appeared to be infected with the same 
infectious agent as the herpesvirus-infected fish.  
The aetiological agent from the 1998 epizootic was identified more rapidly than that 
of the 1995 epizootic, because the nature of the mortalities were very similar, and 
the scientists involved knew that electron microscopy was the best chance for 
detection of a herpesvirus. If suitable diagnostic tests were available, they may be 
useful in the prevention of another epizootic as well as helping to understand this 
virus in terms of transmission, pathogenicity and the presence or absence of PHV in 
the current pilchard population. 
 
2.1.8  Diagnosis of PHV infection 
The only observable pathology in affected pilchards was gill lesions and the 
presence of a herpesvirus associated with affected cells in the gill lesions (Jones et 
al., 1997). Attempts to culture this virus were unsuccessful, but a PCR specific for 
PHV, producing an amplicon of 128 bp, was developed at the Australian Animal 
Health Laboratories (AAHL) in Geelong by Eaton et al. (2002). Satisfactory samples 
from affected fish from 1995 were difficult to find, and procedures for working with 
the virus were under-developed at the time, including PCR. 
Development of suitable diagnostic tests may not have been able to control or 
prevent the epizootics in 1995 or 1998, but may now provide the first step towards 
controlling or preventing another epizootic, especially if such a test could detect 
latent PHV, or maybe even locate the source and/or transmission route of the virus. 
With regard to the source of the infectious agent, if frozen pilchards imported into 
South Australia were suspected of being the source of PHV infection, then samples 
of these imported stocks could be rapidly tested for PHV, and clearance given when 
all stocks have tested negative. This would be an important step towards preventing 
further epizootics. The availability of a reliable and sensitive test would also make it 
possible to detect whether the virus is now present in the Australian pilchard 
population. This could be one reason why there have been no further epizootics, 
despite increased pilchard imports since 1998.  
One disadvantage of using techniques based on the detection of herpesvirus 
genomic DNA is that if the virus is latent, then the DNA copy number per cell may be 
very low (Wagner, 2001; Taylor et al., 2002) and fish carrying low levels of virus may 
be mistaken as being negative. The site of latency is also unknown, and this would    
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be critical for the selection of tissues for examination.  Herpesvirus DNA appears to 
be scarce and difficult to detect when in the carrier or latent state (Wagner, 2001; 
Taylor et al., 2002), so such a test would need to be ultra-sensitive to detect such 
low levels of viral DNA.  
There have been some attempts to grow the virus in cell culture, without success. It 
is extremely difficult to establish an immortal cell line but at the AAHL, cell lines from 
pilchard tissues have been maintained through several passages (Williams et al., 
2003) creating some optimism that a pilchard tissue cell line will be established 
successfully in culture. However, this is an area that needs exploring further and if 
the virus could be grown in vitro, this would open up many avenues of research, 
such as protein expression studies and replication studies, which are currently 
impossible. 
To gain an insight into the nature of PHV and how PHV fits taxonomically into the 
Herpesviridae, it is necessary to consider the characteristics of other aquatic 
herpesviruses. 
 
2.2  Aquatic herpesviruses 
 
Herpesviruses are now the most common group of DNA viruses found in fish 
(Hedrick and Sano, 1989). At least 20 herpesviruses have been identified from a 
wide taxonomic host range of fishes (Wolf, 1988; Hedrick and Sano, 1989; Hetrick 
and Hedrick, 1993). Although a few of these viruses are associated with serious 
clinical diseases and mortality (Wolf, 1988), many were found associated with 
hyperplastic growths or neoplasms of the integument (Hedrick and Sano, 1989). A 
consistent histopathologic change associated with a large number of fish 
herpesviruses is epithelial hyperplasia (Hedrick and Sano, 1989; Wolf, 1988; Iida et 
al., 1991; McAllister and Herman, 1989; Yamamoto et al., 1983), which was also 
consistently seen in affected pilchards throughout the 1995 and 1998 PHV 
epizootics (Whittington et al., 1997). 
It is thought that the fish herpesvirus group have evolved at the same time as the 
mammalian/avian herpesviruses, with a distant ancestor that is common to all 
herpesviruses (Davison, 2002). Functionally and biologically, channel catfish virus 
(CCV; Ictalurid herpesvirus 1) is similar to other cytolytic herpesviruses (Zhang and 
Hanson, 1996). Although virion and capsid morphology in CCV and other    
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herpesviruses are similar, comparison of CCV genes with other known herpesvirus 
genes suggests they are quite different phylogenetically (Davison, 1999; Kucuktas & 
Brady 1999), and studies have shown that no CCV proteins appear to be related to 
proteins of mammalian/avian herpesviruses, with no convincing genetic evidence of 
a recent evolutionary origin (Davison, 1999; 2002). This has resulted in CCV being 
assigned to a separate genus Ictalurivirus (Buchen-Osmond 2003). Other related 
aquatic herpesviruses that are yet to be assigned to a subfamily include Acipenserid 
herpesvirus 1 (White sturgeon herpesvirus 1), Acipenserid herpesvirus 2 (White 
sturgeon herpesvirus 2), Anguillid herpesvirus 1 (Japanese eel herpesvirus), 
Cyprinid herpesvirus 1 (Carp pox herpesvirus), Cyprinid herpesvirus 2 (Goldfish 
herpesvirus; Goldfish haematopoietic necrosis virus), Esocid herpesvirus 1 
(Northern pike herpesvirus), Percid herpesvirus 1 (Walleye epidermal hyperplasia), 
Pleuronectid herpesvirus (Herpesvirus scophthalmus; Turbot herpesvirus), Ranid 
herpesvirus 1 (Lucke tumour herpesvirus), Ranid herpesvirus 2 (Frog virus 4), 
Salmonid herpesvirus 1 (Herpesvirus salmonis) and Salmonid herpesvirus 2 
(Oncorhynchus masou herpesvirus) (Buchen-Osmond, 2003).  
New aquatic herpesviruses are being identified and previously known herpesviruses 
are still presenting a significant problem in their environment. Because of the nature 
of herpesviruses in terms of their tendency to develop latency, it is unlikely that an 
infected host population could ever eliminate a herpesvirus infection, and so 
reactivation of these herpesviruses presents a constant risk (Dewhurst, 1996; Hill 
and Masucci, 1998; Davison, 2002). Some aquatic herpesviruses have been studied 
for several years and a significant amount of information has been obtained, but still 
many questions remain. The following section discusses the main characteristics of 
the more common and related aquatic herpesviruses. 
 
2.2.1  Channel catfish virus (CCV) 
CCV causes an acute haemorrhagic disease in channel catfish Ictaluris punctatus 
(Rafinesque) fry and fingerlings (Gray et al., 1999a). About 95% of exposed fish die 
within 3 to 8 days (Gray et al., 1999a), especially when the fish are exposed to 
unfavourable conditions (Plumb, 1978). 
CCV disease epizootics occur most commonly in the south eastern region of the 
USA, but often the epizootics are not diagnosed or reported (Gray et al., 1999a). For 
epizootics to occur suitable conditions of temperature, stress and susceptible fish 
are required (Meyer, 1975).    
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The channel catfish is the only species known to be naturally susceptible to 
outbreaks of CCV disease, and such high host specificity is a typical characteristic 
of herpesviruses (Wolf, 1988). Certain other closely related species such as the blue 
catfish (I. furcatus) may be experimentally infected by systemic inoculation of the 
virus, but other related and non-related species cannot be infected even by systemic 
routes (Davison, 1999). 
Clinical signs of CCV disease include hanging head up in the water, disorientation 
(corkscrew spiral swimming), abdominal distension, exophthalmos, and 
haemorrhages on the body, gills, and base of the fins (Noga, 2000). Internally, the 
most remarkable damage occurs in the kidney with extensive necrosis of renal 
tubules and interstitial tissue (Office International Des Epizooties, 2003). The 
peritoneal cavity typically contains yellowish fluid (Wolf, 1988). Fijan (1999) found 
the virus in overtly infected fish to be most abundant in the kidney, spleen, intestine 
and encephalon, and Kancharla and Hanson (1996) found high virus titres in skin 
and gills of experimentally infected fingerlings. 
Temperature plays a major role in the onset of disease. At 30°C, clinical signs may 
be evident in as little as 1 day after infection, whereas at 20°C clinical signs may 
take 10 days to develop (Noga, 2000). Plumb and Gaines (1975) initially suggested 
that the pathogenesis of CCV disease in artificially infected fish starts with initial 
replication in the kidney, then the spleen, and after virus replication in the kidney, 
viraemia is established and virus is transported to the intestine, liver, heart and 
brain. External signs of CCV disease can vary and depend on the degree of kidney 
dysfunction and capillary damage resulting from replication of the virus (Fijan, 1999).  
In survivors, a strong protective immunity is induced with circulating antibodies and 
latency (Office International Des Epizooties, 2003). Viral reactivation may occur, 
resulting in the shedding of infectious virus that can lead to the exposure of 
susceptible fingerlings (Gray et al., 1999a). In latently infected fish, CCV has not 
been detected by traditional culture or antigen-based tests, even when adults are 
immunosuppressed during spawning (Office International Des Epizooties, 2003). 
However, Wise and Boyle (1985) detected latent CCV in liver and other soft tissues 
and in erythrocytes of some channel catfish with no history of CCV disease, by 
cloning the terminal fragment of the CCV genome and using it as a specific 
hybridisation probe for detection of viral DNA. Bowser et al. (1985) proved that CCV 
could be isolated from broodfish, using the combined techniques of 
immunosuppressive treatment, leucocyte co-cultivation with CCO cell cultures, and 
roller tube cultures. Boyle and Blackwell (1991) developed a PCR assay that could    
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readily detect CCV DNA in latent carriers. The sensitivity of this PCR was improved 
by Baek and Boyle (1996) by the development of a nested PCR to detect latent CCV 
in healthy adult channel catfish, and this was used for routine screening of brood 
stock to aid in the prevention of transmission of CCV to young catfish. There are 
now several molecular methods available for the detection of CCV but still the site of 
latency has not been specifically identified (Kucuktas and Brady, 1999; Davison, 
1999), although Gray et al. (1999b) have used a PCR targeting ORF 8 to detect 
CCV DNA in the blood, brain, intestines, kidney, liver and peripheral blood 
leukocytes of latently infected catfish. 
During epidemics, CCV is readily transmitted horizontally via the faeces and urine of 
fish showing clinical signs of the disease (Noga, 2000), but there is also evidence for 
vertical transmission (Wise et al., 1985; Davison, 1999).  
CCV is composed of double-stranded DNA in a capsid of 162 capsomeres 
surrounded by a viral envelope (Pope and Scheetz, 1998). It was placed in the 
subfamily Alphaherpesvirinae due to its short replication cycle and rapid destruction 
of cells in vitro (Roizman, 1990). Typical of herpesviruses, it replicates in the 
nucleus and induces syncytium formation (Fields and Knipe, 1991). The CCV capsid 
is significantly smaller, but apart from small dimensional differences, the CCV capsid 
is very similar to that of Herpes simplex virus type 1 (HSV1), as shown recently by 
3-dimensional reconstructions derived by cryoelectron microscopy (Booy et al., 
1996). 
Sequence analysis of the genome by Davison (1992) and later by Kucuktas & Brady 
(1999), however, demonstrated that CCV is different from other mammalian 
alphaherpesviruses in gene arrangement, gene content and in nucleic acid 
sequence relationships among homologous genes, resulting in CCV being assigned 
to the genus Ictalurivirus of which it is currently the only member (Buchen-Osmond 
2003). The genome contains a 97 kbp unique region bracketed on each side by 18.5 
kbp repeat sequences (Gray et al., 1999a), giving a total genome size of 134 kbp 
(Davison, 1992).  
Huang and Hanson (1998) demonstrated that CCV gene expression was 
sequentially ordered and regulated in a pattern similar to that of mammalian 
herpesviruses. Stingley and Gray (2000) confirmed that CCV gene expression was 
temporally regulated into immediate-early (IE), early (E) and late phases (L), 
consistent with other herpesviruses. They found that CCV IE transcripts were 
encoded by ORFs 1 and 3, early transcripts encoded by ORFs 2-9 and 11-14, and 
late transcripts by ORFs 4, 7 and 10-13.    
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Characterisation of the immediate early genes in the CCV genome by Silverstein et 
al. (1995) confirmed that the virus was most closely related to the alphaherpesvirus 
subfamily. Colyer et al. (1986) examined the possibility of sequence diversity 
between isolates of CCV by restriction digestion analysis and found that all isolates 
examined were different from each other and from the type strain of CCV, indicating 
a degree of sequence divergence. 
Several genes have been examined and their functions predicted (Davison, 1999), 
including 2 sets of protein kinases (one set encoded by ORFs 14, 15 and 16 and 
another set by ORFs 73 and 74), a helicase (encoded by ORF 25), gene 57/58, 
which is thought to be comprised of 2 exons and codes for a DNA polymerase, 4 
proteins containing a potential zinc-binding domain (encoded by ORFs 9, 11, 12 and 
78), a thymidine kinase (TK; encoded by ORF 5), a serine protease (encoded by 
ORF 47), a terminase comprised of 3 exons (encoded by ORFs 62/69/71), an 
envelope glycoprotein (encoded by ORF 46), a deoxyuridine triphosphatase 
(encoded by ORF 49) and 7 other membrane-associated proteins (encoded by 
ORFs 6, 7, 8, 10, 19, 51 and 59). Davison (1999) discovered that the capsid 
includes the major capsid protein (encoded by ORF 39), a scaffolding protein 
(encoded by ORF 28) plus 2 other proteins (encoded by ORFs 27 and 53). The 
tegument includes proteins encoded by ORFs 11, 15, 65, 72, 73 and 74, and ORF 
59 encodes the major envelope protein (Davison, 1999). 
CCV lacks certain highly conserved core genes encoding enzymes that have been 
detected in other herpesviruses, such as those coding for ribonucleotide reductase 
and uracil-DNA glycosylase (Davison, 1992). The single candidate for a conserved 
gene that suggests the possibility of a common ancestor of CCV with the 
mammalian/avian herpesviruses is the spliced CCV gene 62/69/71, which is 
homologous by sequence similarity to a core gene of the mammalian herpesviruses, 
the UL15 ORF of HSV1, which encodes a putative terminase involved in DNA 
packaging (McGeogh and Davison, 1999).  
Virus growth in cell culture only occurs in ictalurid and clariid fish cell lines, with 
I. nebulosus (brown bullhead) and CCO cell lines being the most successful 
(Davison, 1999). CCV replicates rapidly, with the possibility of peak virus yield 
occurring only 12 h after infection (Davison, 1999).  Non-cultural means of 
identification of the virus have been facilitated by the development of monoclonal 
antibodies against the virus (Arkush et al., 1992) and molecular methods, especially 
hybridisation methods originally developed by Wise and Boyle (1985). 
Significant research has targeted the use of herpesviruses as vaccine vectors, due    
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to their large genome size, which can accommodate the insertion of several foreign 
genes in multiple sites, and the relative ease of producing recombinants (Zhang and 
Hanson, 1996). The herpesvirus TK genes have often been chosen for recombinant 
molecular virology research because they are non-essential for DNA replication, 
readily detectable and are a selectable trait in herpesviruses, and Hanson et al. 
(1994) showed that the TK gene of CCV could also be used as a selectable site of 
recombination to develop live vaccines.  A recombinant TK gene deletion mutant 
(CCVTK-) replicated similarly to the parent virus in cell culture, although 100-fold 
more CCVTK- was required than parent CCV to affect similar numbers of channel 
catfish fingerlings and induced protective immunity against challenge with the parent 
CCV (Zhang and Hanson, 1995). The kinetics of infection by CCV and the CCV 
deletion construct developed by Zhang and Hanson (1995) were similar but the TK 
mutant produced infections that were less persistent and with less virus shedding 
(Kancharla and Hanson, 1996).  
Other constructs have been prepared which have application as vaccine vectors and 
for further study of the replication of CCV.  Zhang and Hanson (1996) inserted lacZ 
in-frame with the ATG start codon of the CCV TK gene in a transfer plasmid, with 
the resulting construct being TK- but containing the lacZ gene at both TK positions 
in the genome, and demonstrated the construct was infectious in channel catfish 
fingerlings.  Kucuktas et al. (1998) successfully cloned ORF 59 (encoding an 
envelope glycoprotein) of CCV into a baculovirus expression system, demonstrated 
expression of the encoded protein in Sf9 insect cells; this protein could have 
application as a vaccine.  Nusbaum et al. (2002) successfully cloned 7 full-length 
transcripts encoding 4 early (ORFs 6, 7, 8a and 10) and 3 late genes (ORFs 51, 53 
and 59) of CCV into a DNA vaccine vector and single injections of constructs 
containing ORF 59 or ORF 6 (thought to encode a membrane protein) elicited virus 
neutralising antibodies and strong resistance on viral challenge, and an even greater 
resistance when these 2 constructs were injected as a combination (Nusbaum et al., 
2002). 
Means of controlling disease include disinfection and quarantine, as the virus can 
persist in water for up to 2 months at 4°C or up to 2 weeks at 25°C (Plumb, 1978). 
Maintaining relatively low stocking densities and avoiding stressful handling of 
young fish during the warmer months are also useful control methods (Office 
International Des Epizooties, 2003). Typically in CCV disease epidemics, the 
younger, more robust fish die first, and only young (< 1 year) and small (< 15 cm) 
fish become clinically sick (Noga, 2000). No mortalities occur at 15°C, but at higher    
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temperatures, especially 25°C to 30°C, mortalities are rapid and severe (Noga, 
2000). 
 
2.2.2  Oncorhynchus masou virus (OMV) 
Salmonid herpesviruses type I (SaHV1) and 2 (SaHV2) are found in North America 
(Simon, 2001). Members of the SaHV2 group include Oncorhynchus masou virus 
(OMV or OMHV), Nerka virus in Towada Lake, Akita and Aomori Prefectures 
(NeVTA), Yamame tumour virus (YTV), Coho salmon herpesvirus (CHV) and 
Rainbow trout kidney herpesvirus (RKV) (Simon, 2001). Often, for simplicity, these 
viruses are all referred to as OMV, since they are all grouped as one serotype 
(Simon, 2001).  
Like all herpesviruses, the type 2 Salmonid herpesviruses are enveloped viruses, 
ranging from 220 to 240 nm in diameter including the envelope and approximately 
100 to 115 nm in diameter without the envelope, with an icosahedral capsid 
surrounding double-stranded DNA (Simon, 2001). 
Oncorhynchus masou virus (OMV) disease is an oncogenic and skin ulcerative 
condition seen in salmonid fish in Japan, and probably in Pacific salmon in some 
coastal areas of Asia (Office International Des Epizooties, 2003). So far, the only 
natural occurrence of OMV has been in Japan, mainly among adult masou salmon 
(Wolf, 1988). OMV disease is caused by OMV, or Salmonid herpesvirus type 2 
(SaHV2), a herpesvirus that infects salmon of the genus Oncorhynchus sp. and 
causes mortality in juveniles and epithelial neoplasms in some survivors (Wolf, 
1988). 
Fish species susceptible to OMV include kokanee salmon (Oncorhynchus nerka), 
masou salmon (O. masou), yamame (O. yamame), chum salmon (O. keta), coho 
salmon (O. kisutch) and rainbow trout (O. mykiss) (Office International Des 
Epizooties, 2003; Plumb, 1993). Chum salmon, coho salmon and rainbow trout have 
been shown to be susceptible through experimental infection (Plumb, 1993). The 
main environmental factor favouring OMV infection is water temperature below 14°C 
(Office International Des Epizooties, 2003). Initial symptoms of OMV disease appear 
as a systemic infection associated with oedema and haemorrhages (Office 
International Des Epizooties, 2003). OMV is hepatotropic and, more significantly, 
oncogenic, with a high percentage of OMV disease survivors developing epithelial 
papillomas (Wolf, 1988). Approximately 4 months after exposure, neoplasms 
develop on surviving rainbow trout, chum, coho and masou salmon and persist for at    
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least 1 year, with tumours commonly around the mouth and sometimes also on the 
fins, gills, body surface, around the eye and rarely in the kidney (Kimura et al., 1981; 
Sano et al., 1983; Yoshimizu et al., 1987).  
The presence of virus in ovarian fluids and epizootic disease among progeny 
indicate that vertical transmission occurs (Wolf, 1988) but horizontal transmission 
also occurs (Office International Des Epizooties, 2003). Infected fish and covert 
carriers provide a reservoir for virus and virus is shed via faeces, urine, sexual 
products and possibly skin mucous, and virus is found in abundance in the kidney, 
spleen, liver and tumours during overt infection (Office International Des Epizooties, 
2003). Good hygiene and restriction of movement of infected stock are the current 
control measures used to prevent the spread of OMV (Office International Des 
Epizooties, 2003). Use of acyclovir and iododeoxyuridine has also proven to be 
effective in controlling certain OMV infections (Wolf, 1988). 
 
2.2.3  Salmonid herpesvirus 1 (SaHV1) 
The genome of SaHV1 is 174.4 kbp in size with a genome structure related to the 
subfamily Alphaherpesvirinae, and although different from the CCV genome 
arrangement, the SaHV1 genome shows at least 18 genes similar to CCV, 
suggesting that, like CCV, SaHV1 has evolved independently from mammalian 
herpesviruses (Davison, 1998).  Examination of ORFs 46 and 62 suggest that 
SaHV1 and OMV are more closely related to each other than to CCV (Davison, 
1998). 
SaHV1 was first isolated from ovarian fluid of apparently normal post-spawning 
rainbow trout in Washington State in 1974 (Post, 1987). Herpesvirus salmonis 
disease has since been characterised as a subacute systemic disease resulting in 
high mortality among experimentally infected fry to fingerling rainbow trout (Salmo 
gairdneri) and chum salmon (Oncorhynchus keta) (Wolf, 1988). The original source 
of virus was not determined and a 2 year surveillance program in related hatcheries 
showed no evidence of SaHV1 (Wolf, 1988).  
The disease can be suspected if rainbow trout fry and fingerlings sustain a chronic 
mortality at water temperatures of less than 10°C (Wolf, 1988). External signs of the 
disease include anorexia and lethargy, abdominal distension, exophthalmia and pale 
gills (Wolf, 1988; Post, 1987).  The virus is carried in ovarian fluid of normal rainbow 
trout, suggesting that the virus could be vertically transmitted (Post, 1987).    
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2.2.4  Koi herpesvirus (KHV) (syn. Carp nephritis and gill necrosis virus)  
Koi herpesvirus (KHV), as it is most commonly known, is a newly recognised virus 
causing lethal disease and mass mortality among fingerling, juvenile and adult 
common carp Cyprinus carpio carpio, and fancy carp or koi Cyprinus carpio koi 
(Gilad et al., 2002; Gray et al., 2002; Naylor, 2003). The disease was first reported 
in Israel in 1997 and numerous disease outbreaks have occurred subsequently 
worldwide. Disease has been reported in America, Germany, Britain, The 
Netherlands, South Africa, Indonesia, Japan and Korea (Dawes, 2002; Ronen et al., 
2003).  In 2000, KHV was isolated for the first time in the UK during a disease 
outbreak at an ornamental fish import and retail site in England (Way et al., 2004) 
but Walster (1999) suggested that the disease may have been present in the UK 
since 1996. KHV was isolated in 2003 for the first time from wild carp in fisheries in 
England (Way et al., 2004). 
The rapid spread of the disease is thought to be related to the worldwide trade and 
showing of koi or fancy carp, which is not generally restricted by health certification 
or any other control policy (Gilad et al., 2002) although restrictions are now in place 
in some areas. For example, the movement of koi carp and common carp from Java 
Island in Indonesia, an area affected by KHV, to other islands is prohibited 
(Sudarjat, 2002). 
The only other herpesvirus isolated from koi and common carp is Cyprinid 
herpesvirus 1 (CHV1; Gilad et al., 2002), which causes both carp pox lesions in 
older fish and systemic and often lethal infections in koi and common carp less than 
2 months of age (Sano et al., 1991). KHV differs from CHV1 in that it causes 
disease in all ages of both common carp and koi (Naylor, 2003). Ronen et al. (2003) 
have isolated an agent causing carp nephritis and gill necrosis in koi and common 
carp, determined to be the same agent known as KHV, but prefer the designation 
Carp nephritis and gill necrosis virus (CNGV), an as yet unclassified virus species 
endemic to carpinoids, due to the genome being larger than that of known 
herpesviruses and sequence data showing little similarity to other herpesviruses.  
KHV has an icosahedral herpesvirus-like morphology (Hedrick et al., 2000) but the 
genome of KHV is much larger than other members of the Herpesviridae (Davison, 
2002). Sequence data has revealed that only small fragments (<50 bp) are similar to 
known herpesvirus genomes and the TK gene showed no similarity to that of other 
known herpesvirus, suggesting that KHV may represent a new species (Ronen et 
al., 2003).    
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Mortality begins typically 7-10 days following exposure of naïve koi and common 
carp to suspected carrier fish, and mortality rates can be up to 100% over a period 
of 2-3 weeks (Gilad et al., 2002). The survival rate following an outbreak has been 
known to be above 20%, whereby the survivors then become resistant to the virus 
on subsequent exposure and remain healthy (Dawes, 2002). Affected fish become 
lethargic, disoriented and show erratic swimming behaviour before death, with 
discolouration and severe gill necrosis being the most consistent sign of the disease 
(Body et al., 2000; Gray et al., 2002), with few other external or internal signs (Gilad 
et al., 2002). Clinical signs only develop within a temperature range of 17-25°C, and 
KHV-induced disease therefore only occurs during spring and autumn (Dawes, 
2002). Mortalities will occur within 48 h of the appearance of gill lesions at these 
temperatures, while at lower temperatures the disease process is much slower 
(Walster, 1999). The most prominent lesions are seen microscopically in the gill, 
skin, kidney, spleen, liver and gastrointestinal system (Hedrick et al., 2000). Gills 
typically show hyperplasia and hypertrophy with fusion of secondary lamellae 
(Hedrick et al., 2000).  
In 1997 a koi fin (KF-1) cell line was established and this allowed the isolation of 
KHV; other commonly used fish cell lines were not susceptible to KHV (Hedrick et 
al., 2004). It is now possible to demonstrate exposure of fish to the virus by 
detecting anti-KHV antibodies in the serum of koi and common carp (Hedrick et al., 
2004), and an attenuated virus has been developed which induces high levels of 
anti-viral antibodies in the serum and was used as a live vaccine (Ronen et al., 
2003). PCR assays have proven to be effective in detecting viral DNA in various fish 
tissues during the disease and following recovery, although it is still unresolved 
whether latency occurs following acute disease (Hedrick et al., 2004). 
Control measures to prevent the introduction of the disease involve the quarantine 
of all new fish for 2-3 weeks, at water temperatures between 17 and 25°C (Walster, 
2000).  
 
2.2.5  Cyprinid herpesvirus 1 (CHV1) 
Carp pox caused by CHV1 (Fijan, 1999) was described about 400 years ago and is 
the oldest recognised fish virus disease (Smail and Munro, 1989).  It is also 
associated with the earliest known skin tumour of fish (Anders and Yoshimizu, 
1994). It is now evident that cyprinids other than carp are also susceptible to the 
herpesvirus, and some researchers are now calling the disease fish pox, although 
the common carp (Cyprinus carpio) is most frequently affected (Wolf, 1988).     
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CHV1 infection of common carp manifests in 3 clinical forms: chronic and benign 
epidermal proliferation or carp pox, sometimes referred to as herpesviral epidermal 
proliferation in carp (HEPC); herpesvirus septicaemia in carp (HSC); and dormant 
infection (Fijan, 1999). 
HEPC reduces the marketability of the fish, due to prevalence of smaller and 
unsightly fish (Fijan, 1999). Most reports suggest that the usual superficial infection 
by CHV1 has little effect on the host, with only heavier infections leading to growth 
retardation (Wolf, 1988). HEPC affects all varieties of carp in Europe, Israel, Japan, 
South Korea, China and North America (Fijan, 1999). Temperature appears to be an 
important factor in the onset of disease and incubation of the virus. Sloughing of 
lesions occurs spontaneously and can be promoted by exposing affected fish to 
elevated temperatures (Wolf, 1988). HEPC is now rare in European and Israeli pond 
farming, most likely due to a decrease in inbreeding and the increase in 
crossbreeding (Fijan, 1999). 
External signs of HEPC are smooth, firm, superficial lesions that can appear glassy 
or waxy, but are occasionally opaque (Wolf, 1988). Further proliferation results in 
papillomatous formations (Fijan, 1999) that have a warty surface and are milky, 
creamy to brown in colour, or tinged with pink from vascularity (Fijan, 1999; Wolf, 
1988; Smail and Munro, 1989). The lesions may persist for months before 
sloughing, and affected areas may develop undesirable dark pigmentation (Wolf, 
1988). Diagnosis may be made on the basis of finding these distinctive epidermal 
lesions in carp (Wolf, 1988). Retardation and emaciation are seen in advanced 
cases of carp pox, with the tail of the carp easily able to bend to touch its head 
(Fijan, 1999). 
Clinical signs of HSC include loss of appetite, swimming in straight lines and 
sometimes loss of movement, with external signs of dark pigmentation, a distended 
abdomen, exophthalmia and evidence of haemorrhages (Fijan, 1999). 
Microscopically, only the epidermis is involved and mucous cells and inclusion 
bodies can be seen in the hyperplastic epidermis (Smail and Munro, 1989). 
Sano et al. (1985) successfully isolated the herpesvirus now known as CHV1 from 
the papillomatous tissue of infected carp. Studies by Sano et al. (1992) utilising in 
situ hybridisation showed that there is a period between acute infection and 
neoplasm development where CHV1 cannot be detected from infected carp, which 
suggested that the virus is in a latent state during this period. CHV1 could be 
detected in infected cell cultures and tissue sections of CHV1 infected carp fry, and 
in the liver, kidney, intestine and gills of acutely infected fish and in papillomatous    
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tissue.  Further work by Sano et al. (1993b) discovered that the CHV1 genome 
could be detected by in situ hybridisation in cranial nerve ganglia and spinal nerve 
just after the acute stage of infection.  
Sano et al. (1991) demonstrated that CHV1 was virulent for carp fry following 
immersion in water at 20°C for 1 h. Cumulative mortality for carp fry in 2-week-old 
common carp was 86-97%, 20% in 4-week-old fancy carp, 0% in both 8-week-old 
common and fancy carp, in fry of crucian carp, grass carp or other cyprinids (Sano 
et al., 1991). Sano et al. (1991) also found the virus to be oncogenic, inducing 
papillomas in carp in up to 55% of infected fry, with neoplasms appearing 5-6 
months after exposure of carp to the virus by immersion. Tumour development is 
more rapid in younger fish (Sano et al., 1991). Sano et al. (1993a) later discovered 
that mortalities of carp fry were high at 15°C and decreased with an increase in 
water temperature. Papillomas formed after 11 weeks, regardless of the 
temperature, but regression of papillomas could occur by shifting the water 
temperature from 7.5°C to 20°C, 25°C or 30°C (Sano et al., 1993a). 
 
2.2.6  Goldfish haematopoietic necrosis virus (GFHNV) 
Goldfish (Carassius auratus) have become one of the most common species of 
cultured fish as a result of their popularity as ornamental fish and their value as 
laboratory animals and feeder fish (Groff et al., 1998). Few diseases have been 
reported in this species (Groff et al., 1998), although reports of disease are rapidly 
becoming more common. 
Epizootics have occurred with almost 100% mortality rates among goldfish of all 
ages in western regions of Japan, during spring and autumn when the water 
temperature is between 15°C and 25°C (Jung and Miyazaki, 1995).  The disease 
was designated Herpesviral haematopoietic necrosis (HVHN) and causative virus 
Goldfish haematopoietic necrosis virus (GFHNV) (Jung and Miyazaki, 1995). An 
epizootic was also detected in goldfish fry in 1995 at a breeding colony in Taiwan, 
resulting in up to 90% mortalities; in this epizootic, the hatchery owner had 
introduced brood goldfish before spawning, and it has been speculated that the virus 
was introduced with the imported goldfish (Chang et al., 1999). A report by Groff et 
al. (1998) describes an epizootic due to a putative herpesvirus in juvenile goldfish in 
the USA, with 50 to 100% mortalities in populations during spring, with mortality 
increasing as ambient water temperature increased from 16°C upwards. Stephens 
et al. (2004) reported lesions in goldfish in Australia consistent with those of 
GFHNV, caused by a herpes-like virus, although in this outbreak the water    
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temperature initially ranged from 15°C to 19°C, dropping to 12°C to 15°C at the time 
of death of the goldfish. The disease reported in Australia is not the result of an 
epizootic like other GFHNV reports, but is more suggestive of carrier fish developing 
overt disease following stress (Stephens et al., 2004). 
Diseased fish reported by Jung and Miyazaki (1995) did not show specific external 
signs, but were inactive and kept to the pond bottom; gills and the liver of infected 
fish were pale, kidneys were swollen, there was splenomegaly, and the intestines 
were devoid of food (Jung and Miyazaki, 1995). The disease reported by Chang et 
al. (1999) in Taiwan had similarities to HVHN. An epizootic in the USA produced 
lesions similar to HVHN, with pale and swollen kidney and spleen, increased 
respiration, gill pallor, lethargy and anorexia (Groff et al., 1998); microscopically, 
affected tissues showed hyperplasia and hypertrophy of branchial secondary 
lamellar epithelium with some fusion of adjacent lamellae, a finding that was not 
reported in the Japan epizootic (Groff et al., 1998). Involvement of the intestines in 
the goldfish affected by the epizootic in Japan was reported as a common finding, 
however this was not consistent with goldfish examined in the USA (Groff et al., 
1998). Findings for the herpesvirus infection of goldfish in Australia were gill pallor, 
enlarged and necrotic spleens, severe hyperplasia and hypertrophy of the gill 
epithelial lamellae, enlarged and necrotic thymus, and necrosis of the kidney 
(Stephens et al., 2004).  
 
2.2.7  Ranid herpesviruses  
Two main herpesviruses are known to occur in frogs: Ranid herpesvirus type 1 
(RaHV1) or Lucke tumour herpesvirus (LTHV) and Ranid herpesvirus type 2 
(RaHV2) or Frog virus 4 (FV4). 
Temperature is a controlling factor in replication of LTHV (Granoff, 1999). When a 
frog is infected with LTHV, tumours are present throughout the year but virus can 
only be visualised after frogs are held at the low temperature of hibernation, and in 
warm weather the virus cannot be seen (Wolf, 1988). This appears to be an 
effective survival mechanism for the virus, for it ensures the synthesis and release of 
infectious virions into the next generation of frogs at the time of spawning in early 
spring (Wolf, 1988). Natural transmission of infection occurs via oocytes in female 
frogs and probably also via virus present in urine (Granoff, 1999).    
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LTHV has not been successfully cultured in vitro, although a number of amphibian, 
piscine and mammalian cell lines have been tested under various conditions 
(Granoff, 1999). 
The DNA sequence of a 39 kbp segment of the genome was analysed and 24 
genes were identified, 12 of which had distant counterparts in CCV, but the 
remaining 12 lacked counterparts in any other herpesvirus (Davison et al., 1999). 
The homology to CCV rather than any mammalian herpesvirus suggests that LTHV 
has evolved with the fish herpesviruses rather than the mammalian/avian 
herpesviruses (Davison et al., 1999). 
The 2 ranid herpesviruses have so far been limited to the USA (Granoff, 1999) and 
there are significant differences between the 2 types. Unlike LTHV, RaHV2 can be 
readily cultured in vitro (Granoff, 1999), this virus is not tumorigenic, and DNA-DNA 
hybridisation has shown that there are significant sequence differences between the 
2 ranid herpesviruses (Granoff, 1999).  
 
2.2.8  Other aquatic herpesviruses 
Two viruses have been described for the white sturgeon, Acipenser transmontanus.  
White sturgeon herpesvirus 1 (WSHV1) was isolated from white sturgeon from a 
farm-reared population with an increased mortality resulting from severe infections 
of the tegument (Hedrick et al., 1991). A second herpesvirus in white sturgeon 
broodstock, designated White sturgeon herpesvirus 2 (WSHV2), was isolated by 
Watson et al. (1995) and this may play an important role in chronic, recurrent skin 
diseases and related mortalities in farm-reared juveniles and young adults; it may 
also cause both acute and chronic infections and possibly a latent carrier state in 
white sturgeon. Watson et al. (1995) reported that herpesvirus-infected white 
sturgeon (Acipenser transmontanus) displayed not only epithelial hyperplasia but 
also hyperplasia of the brachial epithelium and signs of osmoregulatory failure, all of 
which were also seen in Australian pilchards affected in the 1995 and 1998 PHV 
epizootics. 
Kent and Myers (2000) describe hepatic lesions in a redstriped rockfish (Sebastes 
proriger) with examination strongly suggesting infection by a herpesvirus. 
Histopathological lesions associated with a herpesvirus infection in Japanese 
flounder (Paralichthys olivaceous) larvae are described from seed production 
facilities in Japan, characterised by fin opacity and associated with high mortalities 
of larvae (Iida et al., 1991).    
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Subclinical herpesvirus infection in farmed turbot (Scophthalmus maximus) has 
been detected by Hellberg et al. (2002) in the UK and Denmark and poses a risk, 
should the virus produce an active infection. The herpesvirus was designated 
Herpesvirus scophthalmi (Hellberg et al., 2002). 
Lee et al. (1999) report a gill filament necrotic disease from 1993 to 1995 associated 
with mass mortalities in Japanese eels (Anguilla japonica) reared in warm water 
ponds, and they suggested there was an association of the disease with a 
herpesvirus they tentatively named Herpesvirus anguillae. Gill filament necrosis was 
also pathology consistent with pilchards affected during the 2 Australian mortality 
events. 
Chang et al. (2002) isolated a similar herpesvirus in cultured European eels 
(Anguilla anguilla) in Taiwan; this herpesvirus was determined to be 99% similar 
over the DNA polymerase region to Herpesvirus anguillae. 
Since 1991, several herpesvirus infections associated with high mortality rates have 
been reported worldwide in various marine bivalve species (Arzul et al., 2001b). 
Studies have shown that this virus, known as Ostreid herpesvirus 1, has a wide host 
range and is able to infect numerous species of marine bivalve, a characteristic that 
is unlike most herpesviruses (Arzul et al., 2001a). 
 
2.3  Overview of herpesvirus biology 
 
2.3.1  General characteristics of herpesviruses 
Herpesviruses are large DNA-containing viruses with common morphological 
characteristics (Ben-Porat, 1982), although quite diverse in terms of genomic 
sequence and proteins (Sander, 1999). 
The genome of all herpesviruses is monopartite, linear, double-stranded DNA 
ranging in length from 125 to 240 kbp (Ogilvie, 1997; Lin, 1999). The large DNA 
genome is wound around a toroidal-shaped, proteinaceous, electron-dense core 
about 75 nm in diameter (Ogilvie, 1997; Sander, 1999; Lin, 1999).  Surrounding the 
core is an icosahedral protein capsid, which has an average diameter of 100 nm and 
consists of 162 hollow hexagonal and pentagonal capsomeres (Ogilvie, 1997). The 
capsid is arranged into at least 3 layers with viral DNA inserted in the innermost 
layer (Ogilvie, 1997). With mature virions the capsid is housed within an amorphous, 
proteinaceous layer known as the tegument, which in turn is surrounded by a lipid    
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envelope derived from cell membranes from which viral glycoproteins 8-10 nm long 
project from the surface (Ogilvie, 1997; Lin, 1999). The relative size of the mature 
virion is 120-200 nm in diameter (Figure 2.2; Lin, 1999). 
 
 
 
Figure 2.2. Ultrastructure of a herpesvirus (from Wagner, 2001). Viral DNA is contained in 
the inner core and is surrounded by a capsid, which in turn is encompassed by a tegument 
layer. Surrounding the tegument layer is the envelope, which incorporates glycoprotein 
spikes that are important for attachment and entry into the host cell, and hence for infectivity.  
 
All herpesvirus genomes have a unique long (UL) and a unique short (US) region 
bounded by repeated and inverted short segments, which allow recombination of the 
unique regions, and consequently the herpesvirus genome can exist as a mixture of 
up to 4 isomeric forms (Ogilvie, 1997; Sander, 1999). Some common herpesvirus 
genomes are shown in Figure 2.3. Herpesvirus genomes of various isolates of a 
particular virus can vary in size by up to 10 kbp due to the presence of the multiple 
repeated sequences (Sander, 1999).    
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Figure 2.3. Diagrammatic representation of some common herpesvirus genomes, 
demonstrating the variation in arrangement of the unique long and unique short regions 
(from Sander, 1999). HSV = Herpes simplex virus; VZV = Varicella-Zoster virus; CMV = 
Cytomegalovirus; EBV = Epstein-Barr virus; UL = unique long region of the genome; US = 
unique short region of the genome; IR = inverted repeat; TRL = tandem repeat long; TRS = 
tandem repeat short; IRL = inverted repeat long; IRS = inverted repeat short; U (1-5) = 
unique region of the genome; TR = tandem repeat; DL = duplicated region on the left side of 
the genome; DR = duplicated region on the right side of the genome. 
 
The family Herpesviridae has been divided into 4 subfamilies: 
(1) Alphaherpesvirinae, examples of which are herpes simplex virus (HSV) and 
Varicella-zoster virus. This subfamily includes viruses that have a variable host 
range, a relatively short reproductive cycle, rapid growth and capacity to establish 
latency primarily in sensory ganglia (Ogilvie, 1997; Lin, 1999); 
(2) Betaherpesvirinae, examples of which are Cytomegalovirus, Herpes simplex 
virus 6 and Human herpesvirus 7 that have a restricted host range, a long 
reproductive cycle, slow growth, and the capacity to cause latency in secretory cells, 
lymphoreticular cells, kidneys and other tissues (Ogilvie, 1997; Lin, 1999); 
(3) Gammaherpesvirinae, an example of which is Epstein-Barr virus, which 
characteristically infect lymphoblastoid cells and remain latent in lymphoid tissue 
(Ogilvie, 1997; Lin, 1999); (4) Ictalurivirinae, the only member being CCV, that are 
similar in characteristics to alphaherpesviruses but genetically distinct (Buchen-
Osmond, 2003). 
To survive in their host, herpesviruses have developed a survival mechanism that 
involves an initial acute infection of the host with a productive virus infection, the    
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subsequent establishment of a latent infection in those animals that survive the 
initial acute infection, allowing the viral genome to persist in the host for a long time 
without production of virus particles, and then in response to stressors to reactivate 
from latency and produce further productive infection with progeny virus able to 
infect new hosts (Dewhurst, 1996; Hill and Masucci, 1998).  During acute infections, 
viruses express most of their genes and infectious progeny and destruction of the 
host cell results (Roizman, 1999). In latent infections, only some viral genes are 
transcribed and the functions of the host cell(s) do not appear to be impaired 
(Roizman, 1999).  
 
2.3.2  Herpesvirus replication  
The prototype member of the family Herpesviridae, HSV has been studied the most 
extensively and will be used in this review as the model for illustrating herpesvirus 
replication. 
Virus entry requires sequential interaction between host cell receptors and specific 
viral membrane glycoproteins (Wagner, 2001) (Figure 2.4). The initial association is 
between proteoglycans of the cell surface and the envelope glycoprotein gC (Lin, 
1999; Wagner, 2001).  The envelope contains at least 8 glycoproteins, and the 
tegument, which contacts both the envelope and the capsid, contains at least 15-20 
proteins (Wagner, 2001). This is followed by a specific interaction with one of 
several cellular receptors collectively termed “herpesvirus entry mediators” (HVEM), 
which are related to receptors for nerve growth factors and tumour necrosis factor 
(TNF; Wagner, 2001). The association requires the specific interaction with 
glycoprotein gD (Wagner, 2001). Fusion with the cellular membrane follows, 
requiring the binding of viral glycoproteins gB, gH, gI and gL onto heparan sulphate 
moieties of cellular glycoprotein receptors (Ogilvie, 1997; Lin, 1999; Wagner, 2001). 
The viral envelope fuses to the plasma membrane in a pH-independent fashion such 
that the nucleocapsid enters the cytoplasm, using glycoproteins gB, gD and gH as 
the instrumental glycoproteins for this phenomenon (Lin, 1999).    
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Figure 2.4. Herpesvirus attachment to and entry into the host cell (from Wagner, 2001). 
Envelope glycoproteins are important for attachment to the host cell. Glycoprotein gC 
recognises heparan sulphate receptors on the host cell and attaches. Glycoprotein gD also 
has a role in attachment to host cell receptors. Membrane fusion occurs with the participation 
of other glycoproteins, such as gB, which ultimately allow penetration of the partially 
uncoated genome through the cytoplasmic membrane. The naked capsid then migrates to 
the nucleus where replication takes place. 
 
The viral capsid, with some tegument proteins, then migrates along the cytoskeleton 
via cellular microtubules utilizing cellular transport machinery to nuclear pores, 
where the linear genomic viral DNA is released and recircularises upon entry (Lin, 
1999; Sander, 1999; Wagner, 2001). The capsid remains in the cytoplasm (Wagner, 
2001). Some tegument proteins, such as α-TIF (transcription initiation factor) also 
enter the nucleus with the viral genome (Wagner, 2001). Two important proteins are 
liberated during the uncoating process, a viral host shutoff protein (VHS; UL41 gene 
product) and α–TIF (Knopf, 2000). VHS is not critical for viral replication, but it 
increases the efficiency of virus production by degrading messenger RNAs 
(mRNAs) and by shutting off macromolecule synthesis after infection of the cell, 
allowing HSV1 to take over the host cell and control synthesis (Dewhurst, 1996).    
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This is why rapid degradation of cellular mRNA and selective shutoff of cellular 
protein synthesis upon herpesvirus infection is immediately observed (Knopf, 2000). 
Because herpesviruses often infect non-dividing cells they encode enzymes 
involved in nucleic acid metabolism and DNA synthesis, to allow their DNA to be 
copied once inside the host cell (Dewhurst, 1996). Once in the nucleus, the viral 
DNA is transcribed into mRNA produced by the cellular RNA polymerase II (Lin, 
1999). The transcription of the herpesvirus genome during productive infection not 
only uses cellular transcriptional machinery, such as cellular RNA polymerase II, but 
also viral promoters utilizing cellular transcription factor binding sites (Wagner, 
2001). Most viral transcripts are not spliced (Wagner, 2001). 
Transcription of the large, complex genome is sequentially regulated in a cascade 
fashion, with approximately 50 mRNAs produced by the host cell RNA polymerase II 
(Sander, 1999), and synthesis of between 65 and 80 viral proteins (Ogilvie, 1997). 
With HSV, it is known that tegument protein transactivates expression of the first set 
of genes (Ogilvie, 1997). In herpesviruses, viral gene expression is tightly regulated 
(Lin, 1999): if translation is blocked shortly after infection, immediate early (IE) 
mRNAs accumulate in the nucleus, but no other virus mRNAs are transcribed 
(Sander, 1999); synthesis of early gene products turn off IE products and genome 
replication begins (Sander, 1999); some of the late structural proteins (gamma-1) 
are synthesised independently of genome replication; however others, such as the 
gamma-2 proteins, are synthesised only following replication (Sander, 1999). 
Herpesviruses express 2 types of proteins: non-structural proteins required mainly 
for DNA replication, and structural proteins that complete the virion and package the 
viral DNA (Taylor et al., 2002). There are 2 main phases of transcription, an early 
phase that takes place prior to genome replication and is further divided into an 
immediate early and an early phase, and a late phase (Wagner, 2001).  Three 
distinct classes of mRNAs are therefore identified: alpha (α) or immediate early (IE) 
mRNAs, which have mainly regulatory functions and encode trans-acting proteins 
which regulate virus transcription (Ogilvie, 1997; Sander, 1999); beta (β) or early (E) 
mRNAs, which are initiated by an IE protein and include further non-structural 
regulatory proteins and minor structural proteins, and enzymatically function in DNA 
replication, in particular to increase the pool of nucleotides and for viral replication 
(Ogilvie, 1997; Lin, 1999; Sander, 1999); gamma (γ) or late (L) mRNAs, from which 
are translated the major structural proteins of the capsid (Ogilvie, 1997; Sander, 
1999).    
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Both IE and E proteins are required for genome replication (Sander, 1999). The 
expression of β genes requires α proteins, but these genes do not rely on viral DNA 
synthesis for expression (Roizman, 1999). The late genes are different and of 2 
types: γ2 genes that require viral DNA synthesis for expression, and γ1 genes that 
are expressed at suboptimal levels in the absence of viral DNA synthesis (Roizman, 
1999).  
Immediate early transcription takes place at 5 promoters immediately after the viral 
genome enters the nucleus (Wagner, 2001).  Alpha-TIF (VP16 in HSV-1) activates 
transcription from the viral IE genes with the assistance of several cellular 
transcriptional factors, including Oct-1 and HCF (Dewhurst, 1996). The presence or 
absence of these cellular factors is thought to be essential for deciding whether lytic 
genes are expressed or latency is established (Dewhurst, 1996). In the nucleus, 
virion-associated α-TIF binds to cellular Oct-1, which has bound to TAATGARAT 
sequences in enhancers upstream of the immediate early promoters (Wagner, 
2001). This results in efficient assembly of the pre-initiation complex at the TATA 
box and polymerase II-mediated transcription (Wagner, 2001), and 5 HSV genes, 
α4-ICP4, α0-ICP0, α27-ICP27/UL54, α22-ICP22/US1, and α47-ICP47/US12, are 
expressed and function during the earliest stages of the productive infection cycle 
(Wagner, 2001).
 Immediate early transcripts are transported to the cytoplasm, 
translated, and the alpha proteins migrate back to the nucleus (Wagner, 2001).
 
Proteins ICP4, ICP27 and ICP0 are regulators of viral early and late genes 
(Dewhurst, 1996) at the level of at least mRNA expression (Wagner, 2001), and 
ICP4 also inhibits expression of IE genes during the later stages of infection 
(Dewhurst, 1996). All further transcription requires the action of these proteins, 
especially the ICP4 protein, which is a generalised transcription activator that works 
by binding multiple sites on the genome and then interacting with nearby TATA 
boxes to facilitate assembly of the pre-initiation complexes (Wagner, 2001).
  
Interestingly, only the ICP4 and ICP27 proteins have extensive areas of sequence 
similarity among a large number of α–herpesviruses (Wagner, 2001), and ICP27 is 
conserved throughout all mammalian herpesviruses, acting as an additional host 
shutoff protein (Knopf, 2000). Only ICP4 and ICP27 are needed for viral replication 
in tissue culture (Dewhurst, 1996). The other two proteins, ICP22 and ICP47, are 
dispensable for virus replication in many types of cultured cells, but ICP22 is known 
to be required for HSV replication in others and may have a role in maintaining the 
virus’s ability to replicate in a wide range of host cells (Wagner, 2001). The ICP47 
protein has a role in effectively interfering with the major histocompatibility complex 
class I antigen presentation pathway (Knopf, 2000).    
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Immediate early genes are transcribed first after infection and activate transcription 
of the early genes, whose gene products replicate the viral DNA (Taylor et al., 
2002). Early genes are made before viral DNA replication and include enzymes 
involved in DNA metabolism plus enzymes involved directly in DNA replication 
(Dewhurst, 1996). Early proteins are translated in the cytoplasm, migrate back to the 
nucleus, and mediate the replication of the viral genome (Wagner, 2001). Seven of 
these β genes are necessary and sufficient for viral DNA replication under all 
conditions: DNA polymerase (UL30), DNA binding proteins (UL42 and UL29 or ICP8), 
ORI binding protein (UL9), and the helicase/primase complex (UL5, 8 and 52) 
(Wagner, 2001). When satisfactory levels of these proteins have accumulated within 
the infected cell, viral DNA replication follows (Wagner, 2001). Viral DNA replication 
stimulates the expression of the late genes, encoding the structural proteins (Taylor 
et al., 2002). 
Late genes are made after DNA replication has occurred and include structural 
proteins that are required to form viral particles, which are then incorporated into the 
viral tegument (Dewhurst, 1996). Early expression is significantly reduced or shut off 
following the start of DNA replication, while late genes begin to be expressed at high 
levels, which in turn irreversibly commits a cell to producing virus and ultimately 
results in cell destruction (Wagner, 2001). 
Transcripts expressing late genes can be divided into 2 subclasses: “leaky-late” 
(βγ;γ1) and “strict-late” (γ;γ2) (Wagner, 2001). These are controlled by promoters that 
have different functional architectures, but which both have sequence elements 
downstream of the TATA box (transcription start site or cap site) that are important 
in stabilizing the formation of pre-initiation complexes (Wagner, 2001). The γ1 
transcripts are expressed at low levels prior to DNA replication, but reach maximum 
expression following initiation of viral DNA replication (Wagner, 2001). The γ2 genes 
are transcribed only after the initiation of viral DNA replication (Taylor et al., 2002). 
Some strict late promoters contain “downstream activating sequence” (DAS) that 
interacts with one or more cellular factors called “DAS binding factor” (DBF) to 
mediate the efficient formation of late transcription complexes (Wagner, 2001). 
After transcription in the nucleus, all mRNA transcripts are translated into protein in 
the cytoplasm, whereby the proteins can go to the nucleus, stay in the cytoplasm, or 
become a part of the membrane bilayer (Lin, 1999). 
The pattern of replication is complex, involving at least 3 potential origins of 
replication (Ori), and resulting in the formation of high molecular weight DNA 
concatemers (Sander, 1999). HSV initiates rounds of DNA replication at 1 or all of    
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the 3 origins of replication (Ori 1, Ori 2 and Ori 3) as shown in Figure 2.5 (Wagner, 
2001). 
 
 
Figure 2.5. Replication of the HSV genome (from Wagner, 2001). The replicative process 
begins at one or all of the 3 Ori sites. The UL9 protein binds at the Ori and a replication 
bubble is formed, which allows the helicase/primase complex to bind and allow replication of 
a new DNA strand. 
 
The initial step in HSV DNA replication is denaturation of the DNA at the replication 
origin with origin binding protein (UL9) (Wagner, 2001). The helicase/primase 
(UL5/UL8/UL52) and single-stranded DNA binding proteins (UL29) associate to allow 
the DNA polymerase/UL42 complex to begin synthesis (Wagner, 2001). Once the 
new strand growth progresses, the circular replication structure is nicked to form a 
rolling circle intermediate (Wagner, 2001). Virus particles (core plus capsid) 
assemble in the nucleus, and genomic concatemers are cleaved and packaged into 
pre-assembled capsids. Maturation of the viral DNA into unit-length genomes 
appears to involve proteolytic processing of the amino terminus of the UL15 
terminase subunit (Knopf, 2000). The structure of the ORFs 59, 62 and 69 in CCV 
appear to be similar to the UL15 gene of HSV1, which are both thought to encode a 
terminase protein. Most HSV1 genes do not contain introns, unlike genes of the host 
or of other DNA viruses (Dolan et al., 1991), so the structure of the terminase genes 
in CCV and HSV1, which contain splice sites, could suggest some conservation of 
genome. Homologues of UL15 with the same organisation have also been detected 
in other herpesviruses (Dolan et al., 1991).    
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2.3.3  Encapsidation and release of virus particles 
The procapsid proteins (UL18, UL19 and UL38) assemble around scaffolding proteins 
(UL26 and UL26.5) that are then digested away (Wagner, 2001). The empty capsid 
incorporates DNA by means of the action of cleavage/packaging proteins (Wagner, 
2001). The filled capsid associates with tegument proteins (TIF, VHS) and migrates 
through the nuclear membrane to become enveloped (Wagner, 2001). The envelope 
is acquired from the inner lamella of the nuclear membrane, and particles 
accumulate in the space within the inner and outer lamellae (Sander, 1999; Knopf, 
2000). The process of assembly and release of the virus from the nucleus is 
illustrated by Figure 2.6. Two mechanisms have been proposed from this point, with 
recent evidence supporting the first: (1) enveloped virions fuse with the outer 
nuclear membrane, release free nucleocapsids into the cytoplasm, bud into the 
Golgi body for re-envelopment and are secreted by a vesicular route, or (2) 
enveloped virions travel down from the inner nuclear space to the Golgi body in 
vesicles and are released from the cell by a secretory route (Taylor et al., 2002). 
Final release of the enveloped virion from the cell involves the virus being 
incorporated into exocytotic vesicles then released from the cell as free infectious 
virus (Wagner, 2001). Any remaining virus particles are released when the cell lyses 
(approximately 24 h after infection) (Sander, 1999).    
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Figure 2.6. Assembly and release of the virus from the nucleus of the virus-infected cell 
(from Wagner, 2001). Once the DNA has been replicated, scaffolding proteins from the 
cytoplasm migrate to the nucleus to assist in forming a capsid around the newly synthesised 
viral DNA. The mature capsid then buds from the nuclear membrane, using the membrane to 
form an envelope around the capsid at the same time.  
 
2.3.4  Latency in herpesviruses 
It is possible that the 1998 pilchard mortalities were caused by a latent pilchard 
herpesvirus from the 1995 event, and therefore the basic features of latency will be 
reviewed.  
The molecular and physiological details of the latent phase of infection by specific 
herpesviruses are quite varied and divergent, and it appears that the only common 
denominator is latency itself (Wagner, 2001). Much of the information about the 
latent state has been obtained from studies of HSV1 latency (Ogilvie, 1997) and 
more recently the gammaherpesviruses.  Of the latently infected neurones in HSV1 
infection, only a small proportion (about 1%) of cells in the affected ganglion carry 
the viral genome, which is in a different state to that found in virions (Ogilvie, 1997). 
During latent infection of nerve cells, viral DNA is maintained in an episomal form    
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(not integrated), with limited expression of specific virus genes required for the 
maintenance of latency (Sander, 1999). Alphaherpesviruses infect neurons, which 
are non-dividing and therefore allow the latent genome to survive reasonably easily, 
compared to gammaherpesviruses, which infect dividing or mitotic cells (Dewhurst, 
1996). In the case of gammaherpesviruses, a specialised origin of DNA replication 
ensures that its genome is retained in daughter cells upon cell division (Dewhurst, 
1996). HSV1 establishes latency in neurons, which are long lived and non-dividing, 
and can harbour virus for a long time, allowing HSV1 to maintain its genome with 
little or no protein synthesis (Hill and Masucci, 1998). Also, with the lack of MHC1 
sites on neurons, which are usually a target for immune system cells, HSV1 can 
reside within these neurons without requiring a specific immune avoidance 
mechanism for latency (Hill and Masucci, 1998). Unlike a persistent infection, during 
HSV1 latency no viral progeny are produced and limited gene transcription is 
detected (Taylor et al., 2002). Once within the neuron, the virus enters a quiescent 
state in which lytic gene products are not produced, and remains in the neuron as 
circular, extra-chromosomal DNA (Taylor et al., 2002). The virus remains in this 
state for the lifetime of the host or until certain signals reactivate the virus and new 
progeny is generated (Taylor et al., 2002).  
With HSV1, no virally encoded functions are required for establishment of latency, 
although a full set of viral genes is necessary for reactivation of latent virus 
(Dewhurst, 1996). The expression of most viral genes is absent during latent 
infection, but a number of latently infected neurons express a single latency 
associated transcripts (LAT) that is encoded in the repeat regions of the genome 
(Wagner, 2001). LAT expression facilitates reactivation, but the mechanism is 
unclear at this time (Wagner, 2001). It seems that LATs are not an absolute 
requirement for the establishment and maintenance of latent infection or reactivation 
in most animal model systems (Taylor et al., 2002). The LATs appear to be 
dispensable, as mutants lacking LATs can establish latency, although a reduction in 
viral load results (Roizman, 1999). One view of LATs is that they are stable 
transcripts expressed either transiently or at low level, and possibly other ORFs 
exist within the genome that are transcribed during latency and expressed 
(Roizman, 1999). In HSV1, ORF P and ORF O fit this pattern, their function 
appearing to be to repress the expression of alpha genes and alpha products not 
made or dysfunctional (Roizman and Sears, 1996), although they are not the only 
factors involved in the establishment of latency (Roizman, 1999). A high affinity 
ICP4 binding site can be found at the transcription initiation site of ORF P, and the 
ORF O protein was found to bind ICP4 and prevent it from binding to its response    
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elements (Roizman, 1999). Roizman (1999) found that ORF P and ORF O block the 
synthesis or function of 3 key initiation proteins, ICPO, ICP22 and ICP4, in which 
viral replication cannot proceed in the absence of these proteins. 
Reactivation can be induced by a variety of stimuli, in human HSV1 infection by 
ultraviolet light (sunlight), fever, trauma and other stressors (Ogilvie, 1997). With 
HSV1, during this event some productive phase transcripts and proteins can be 
detected in the neuron, and infectious virus is transported back down sensory 
nerves to the peripheral site near the primary infection site (Sander, 1999; Wagner, 
2001; Taylor et al., 2002). The interval between the stressor and the appearance of 
a clinically obvious lesion is usually 2 to 5 days (Ogilvie, 1997). The reactivated virus 
can initiate infection at the peripheral site where virus replication takes place until 
the host defence systems respond and suppress it (Wagner, 2001b). Not all 
reactivation will result in a visible lesion; there may be asymptomatic shedding of 
virus only detectable by co-culture techniques (Ogilvie, 1997).  
A murine herpesvirus 68 (MHV-68) model has been created Wu et al. (2000) to 
study the switch between latency and lytic replication. This model concentrates of 
the MHV-68 rta (replication and transcription activator) gene, which they conclude is 
able to disrupt latency, activate viral lytic replication, and implement completion of 
the lytic cycle. It appears that the balance between latency and lytic replication may 
be controlled by rta expression (Wu et al., 2000). 
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Chapter 3.  Attempts to obtain additional pilchard 
herpesvirus sequence data 
 
3.1  Summary 
A PCR for the specific detection of the genome of PHV is described which amplified 
a product of 373 bp, which when compared with the sequence of other 
herpesviruses indicated that PHV is unique and a previously unidentified 
herpesvirus.  Comparison of this sequence from strains obtained during the 1995 
and 1998 epizootics did not detect any significant differences.  Attempts to obtain 
additional sequence of the PHV are described and additional sequence data was 
obtained adjacent to the 373 bp of known PHV sequence.  
 
3.2  Introduction 
At the time of the PHV disease epizootics in 1995 and 1998 (Chapter 2), the only 
available diagnostic test for the detection of PHV was electron microscopy.  Hence, 
development of a rapid diagnostic test for detection, identification and further 
characterisation of PHV was required.  PCR was considered the most suitable test 
to satisfy these needs.  
To develop a PCR for any virus, the sequence of the virus must be available for the 
design of primers. The first sequence data of the PHV genome was obtained using 
universal fish herpesvirus primers, designed to amplify 422 bp of fish herpesvirus 
DNA from the conserved ORF 62 gene, in a PCR to amplify PHV DNA (Eaton et al., 
2002). From this initial sequence, primers PHV373F and PHV367R were developed 
to target only PHV. 
As PHV could not be grown in cell culture (Eaton et al., 2002), techniques to try to 
further characterise PHV and PHV-associated disease were dependent on 
molecular technology, limited because only 373 bp of sequence were known.  
Attempts to obtain additional sequence data were considered imperative, but 
complicated by the limited amount of PHV material that was available, all of it either 
formaldehyde-fixed or having been stored for considerable periods in a frozen state 
at –20°C. This Chapter describes the development of a PCR assay to detect PHV, 
and use of this test in attempts to obtain additional PHV genomic sequence data.                                                                                          
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3.3  Materials and methods 
 
3.3.1  Extraction of DNA from gill tissue 
Partially purified PHV from the 1995 epizootic in WA was prepared and supplied by 
staff of the Fish Health Laboratory (FHL) in WA.  This preparation was resuspended 
in 100 µL of digestion solution (10 µL of 2 mg mL
-1 Proteinase K in 100 µL of sterile 
Milli-Q [MQ] water), allowed to digest overnight at 37°C, heated to 80°C in a heating 
block (Ratek Dry Block Heater; Scot Scientific) for 20 min, and then stored at –20°C 
until required. 
A modified DNAzol extraction method was used for the extraction of DNA from 
samples collected in 1995 before, during and after the epizootic.  Gill tissue (25–50 
mg) was added to a 1.5 mL microcentrifuge tube containing 0.7 mL of DNAzol 
reagent (Life Technologies), homogenised using a hand-held disposable pestle 
(Scientific Specialties Incorporated) and centrifuged (10,000 x g, 10 min, ambient 
temperature).  The supernatant was transferred to a fresh microcentrifuge tube and 
0.5 mL of 100% ethanol (Sigma) was added.  The tubes were inverted several times 
to allow a precipitate to form, before being centrifuged (10,000 x g, 5 min, ambient 
temperature).  The supernatant was decanted, leaving a visible pellet at the bottom 
of the tube.  The pellet was washed twice by resuspending the pellet in 0.7 mL of 
75% ethanol, centrifugation (10,000 x g, 5 min, ambient temperature) and decanting 
the supernatant after each wash.  Any remaining ethanol was removed using a 
pipette, and the pellet was allowed to dry in a heating block at 50ºC.  Sterile water 
(Astral Scientific) was added to the DNA and the tube was placed in a heating block 
at 55ºC for up to 1 h to resuspend the DNA.  The concentration of the DNA sample 
was determined by spectrophotometry, and more sterile water added, if necessary, 
to give a concentration of approximately 150 ng µL
-1 DNA.  The samples were 
stored in aliquots at –20ºC until required. 
A comparison of 373 bp of PHV genomic DNA extracted from tissues of fish in the 
1995 and 1998 PHV epizootics was also performed using 3 PCR-positive gill 
samples from the 1995 epizootic and 3 from the 1998 epizootic. 
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3.3.2  PCR for the detection of PHV 
A PHV PCR was designed to amplify a 373 bp region of PHV from ORF 62 of the 
genome, which was suggested to code for a putative terminase involved in DNA 
packaging (Chapter 2).  Standard reaction volumes were 25 µL containing 400 µM 
each dNTP, 2.5 mM MgCl2, 0.5 µM primer PHV373F 
5’-ACACATGATTTTGGATAAACTGGGG-3’, 0.5 µM primer PHV367R 
5’-ATCTGGGTTGAAGATGAACCGCGCC-3’, 0.1 U Tth Plus DNA Polymerase 
(Fisher Biotec), and 10X buffer at 1/10 the volume of the PCR.  Approximately 150 
ng of suitable template, such as partially purified PHV or DNA extracted from 
infected tissue (described above) were added per 25 µL reaction.  
Assays were performed on a MJ Research Minicycler (Geneworks) and the 
following cycle conditions: initial denaturation at 96°C for 1 min, then 30 cycles of 
96°C for 30 sec, 60°C for 45 sec, and 72°C for 1 min, followed by a final extension 
at 72°C for 4 min, then held at 14°C. 
PCR products were electrophoresed in a 1.5% agarose gel (Progen) containing 0.5 
mg mL
-1 ethidium bromide at 90 volts for 50 min, and visualised by a UV 
transilluminator (Pathtech).  A 100 bp DNA ladder (Hyperladder IV; Bioline) was 
electrophoresed in parallel for estimation of the size of the amplified products. 
The PCR was optimised and validated using standard methods. The specificity of 
the PHV373 PCR was tested using DNA from 3 other aquatic herpesviruses, 
including CCV, OMV and SaHV1, as well as DNA from 5 non-pilchard fish. Products 
were amplified from only DNA extracted from fish suspected to have PHV infection 
(data not shown). 
 
3.3.3  pZErO DNA library used to obtain additional PHV genomic sequence 
data 
A DNA library consisting of partly purified PHV DNA from tissues obtained during 
the 1995 PHV epizootic ligated into the plasmid pZErO (Invitrogen) was generously 
donated by the Australian Animal Health Laboratory (AAHL). 
The pZErO constructs were transformed into Escherichia coli (E. coli) (TOP 10 
competent cells) using the manufacturer’s instructions.  Colonies from 4 plates 
labelled A to D were picked into pools in SOB-Zeocin, so that there were 3-5 pools 
per plate and 3-5 colonies per pool.  Plasmid minipreps were made using GenElute 
Plasmid Miniprep Kit (Sigma-Aldrich) according to the manufacturers instructions.  
The minipreps were each screened by the PHV373 PCR (above).  Inserts of about                                                                                          
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373 bp were amplified from 3 of the pools, and individual colonies from these 3 
pools were then tested as described above.  Three colonies designated A3-3, C3-2 
and D4-3 were identified that contained the 373 bp fragment.  
The size and orientation of the inserts in the 3 clones was determined by PCR using 
combinations of M13F, M13R, T7 and PHV367R primers; varied reaction conditions 
were tried to suit amplification of large products, including longer extension times 
and increased magnesium concentration.  Sequencing of the PCR products was 
attempted as described below.  A PCR was also performed using M13 primers to 
amplify the entire insert from each clone: bands of about 450, 650, 750 and >1000 
bp were amplified and these products were also sequenced.  The 1000 bp insert in 
pZErO was amplified, gel extracted and cloned into vector pCR2.1 (Invitrogen) using 
the manufacturers instructions.  To confirm that the PCR product was successfully 
cloned into pCR2.1, amplification was attempted using various primer combinations 
including PHV373F and PHV367R. 
 
3.3.4  PCR for the detection of insert in pZErO plasmids 
The PCR used for all amplification from pZErO plasmids consisted of the same PCR 
conditions as detailed above for the detection of PHV, with the exception of various 
primers, including M13F, M13R, T7 and SP6 that were used in conjunction with the 
specific PHV primers, and an annealing temperature of 55°C and extension time of 
90 sec.  
 
3.3.5  Freeze-squeeze method for extraction of DNA from agarose gels 
PCR products were cut from agarose gels and placed in a 1.5 mL microcentrifuge 
tube, and immediately frozen at –20ºC for at least 30 min. The gel slice was 
squeezed between a parafilm sheet that had been folded in half, and all of the liquid 
that appeared as the gel slice thawed was extracted and placed in a sterile 
microcentrifuge tube.  A 0.1 volume of 3 M sodium acetate pH 5.2 and 2 volumes of 
70% ice-cold ethanol were added, and the mix gently agitated using a vortex mixer.  
The mix was centrifuged (10,000 x g, 5 min), the supernatant was discarded and the 
pellet vacuum-dried.  Twelve µL of sterile water was added to dissolve the pellet, 
and 5.75 µL of this was used in a sequencing reaction. 
                                                                                          
  44
3.3.6  Sequencing  
DNA samples, extracted using the modified DNAzol procedure, were used to 
generate a PCR product for direct sequencing.  The methodology for the PHV373 
PCR was followed, except that a high fidelity DNA polymerase, Accuzyme (Bioline) 
instead of a Taq polymerase, was used to ensure higher accuracy during 
amplification.  
Eight µL of the PCR product mixed with 1 µL of loading dye (Progen) was run on a 
1.5% agarose (Progen) gel containing 0.5 µg mL
-1 ethidium bromide (Progen) and 
visualised using a UV transilluminator (Pathtech) to detect a product of about 373 bp 
in size. If primer-dimer products were visible, as sometimes seen due to a low level 
of target DNA, the specific band at the 373 bp mark was cut out of the agarose gel 
and extracted using the Freeze-Squeeze method, as described above, with 5.75 µL 
of the final solution used in a forward and a reverse sequencing reaction. 
Sequencing was performed by the State Agricultural and Biotechnology Centre, 
Western Australia. The ABI Prism
TM Dye Terminator Cycle Sequencing Kit (Applied 
Biosystems) was used according to manufacturer’s instructions, except that the 
reaction volumes were 10 µL instead of 20 µL, and the annealing temperature was 
55ºC, which was more suitable for the PHV primers.  The sequencing reaction mix 
consisted of 3.25 µL of Ultrapure Water (Fisher-Biotec), 4 µL of DYE T mix (Tris-
HCl; MgCl2; fluorescent labelled dATP, dCTP, dGTP, dTTP; dNTP and dITP, 
thermal stable pyrophosphatase and Amplitaq
R DNA polymerase; PerkinElmer), 
0.25 µL (3.2 pmol) of either PHV373F forward, or PHV367R reverse, primer at a 
concentration of 13 pmol µL
-1, and 2.5 µL of PCR product, to give a total reaction 
mixture of 10 µL. Cycle conditions were 96ºC for 2 min, followed by 30 cycles of 
96ºC for 20 sec, 55ºC for 10 sec and 60ºC for 4 min. 
Ten µL of product was transferred to a 0.5 mL microcentrifuge tube containing 25 µL 
of ice-cold 100% v/v ethanol, 1 µL of 125 mM EDTA (Sigma) and 1 µL of 3 M 
sodium acetate pH 5.2.  After gentle mixing, the solution was left on ice for exactly 
20 min to precipitate the DNA, before being centrifuged (10,000 x g, 30 min).  The 
supernatant was discarded, the pellet mixed with 125 µL of ice-cold 80% v/v 
ethanol, centrifuged (10,000 x g, 5 min, ambient temperature), the supernatant 
discarded and the pelleted reaction product dried under vacuum (Speedvac 
Concentrator, Savant). Interpretation of the sequencing reaction was performed 
using the 373 Automated DNA sequencing system (Applied Biosystems). Sequence 
data were edited using the SeqEd program, version 1.0.3 (Applied Biosystems).  
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3.4  Results 
 
3.4.1  Development of PCR based on the ORF 62 gene  
The PHV373 PCR amplified a 373 bp fragment (Figure 3.1) from fish collected 
during the 1995 epizootic and did not amplify a similar product from DNA samples 
from fish collected pre- or post-epizootic. 
 
 
  M    1      2     3     N 
Figure 3.1. Agarose gel electrophoresis of PCR products amplified by the PHV373 protocol. 
M = 100 bp DNA Hyperladder IV (Bioline); lane 1 = DNA from fish collected pre-1995 
epizootic; lane 2 = DNA from fish collected during 1995 epizootic; lane 3 = DNA from fish 
collected post-1995 epizootic; N = negative control (PCR master mix and sterile water). 
 
The sequence that was obtained from the positive PCR product (Figure 3.2) from 
the partially purified PHV derived from fish in WA in 1995 was used as the reference 
sequence. The sequence, 373 bp in length including primers, is consistent with the 
422 bp of initial sequence data previously described (Eaton et al., 2002). This 373 
bp sequence was submitted to GenBank, Accession Number AY995177. 
 
acacatgattttggataaactggggTTGGCCACACCGGAGATTGCCGCACATAATCCCAAATGT
GCATCACCCAGTACTGTGTTACAGATTGATAAAATTTTCACAAGATACAGTAAATGCT
ACTCGTTGGTTTTAGCCCCTCGACAATGTGGGAAGACCACCATCATGGTCTTATTGG
TCGCCGCGATGATTCTTTACACGGATATGGACCTGGTGGTCCAAGCTCAAAACATAA
ACATGTGTGAGCAAAACTTCAAGGGCGTTGTCGCGCTGATGGACGACATCATGGAC
GAGCCGACCTTCGAGAAGGAACACCGCTACACAAGAATGGTTGGTACCATGGAGGG
ggcgcggttcatcttcaacccagat 
Figure 3.2. PHV sequence data from partially purified PHV derived from fish in WA in 
1995.  Primer sequences are shown in bold lowercase and are specific for PHV.  
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The phylogenetic tree shown in Figure 3.3 illustrates that the most closely matched 
sequence in GenBank is the ORF 62 gene of CCV, followed by Ranid herpesvirus 1 
ORF 42 and Ranid herpesvirus 2 ORF 68.  A comparison of the amino acid 
sequences of the partial ORF 62 of PHV with CCV and OMV using BlastP is shown 
in Figure 3.4. While CCV and OMV are best matched over the ORF 62 gene at 61% 
similarity, PHV is best matched with CCV and OMV at approximately 51% similarity.     
 
 
 
  
 
Figure 3.3 Phylogenetic tree showing sequences most closely matched to the 373 bp of PHV 
protein sequence, using the program Fasta3. PHV is most closely related to CCV, with Ranid 
herpesviruses 1 and 2 being the next closest matches. The tree also includes the PHV 
putative terminase as listed in GenBank.   
 
 
____________________________________________________________________ 
PHV    -----------------------------ILDKLGLATPEIAAHNPKCASPSTVLQIDKIFTRYSKCYS 
CCV    VFQVELMRGFFIGIAANQFRDDLFKYKHIILDLLGLATPDIVAFNPFCPSMDTGREINRIFDEYGKNYT 
OMV    MFQLELLRGFFLGIARNQFMEELFKYKHIFLDMLGLATPEIKVHNPMCPSKTTMYCIDSIFNKYGKPYT 
                                     ** ****** *   ** * *  *   *  **  * * *  
PHV    LVLAPRQCGKTTIMVLLVAAMILYTDMDLVVQAQNINMCEQNFKGVVALMDDIMDEPTFEKEHRYTRMY 
CCV    LALAPRQCGKTTIMVILLAAMISYLDIEIVVQAQHKTMCETLYDRVELVLHEIQHSPWYPEENRIVTIK 
OMV    AALAPRQCGKTTIMTILLAAMVSYLDIEIVVQAQNKNMCGNIYDKMLAVTTRMQYSSWFPEKHRMTEMF 
         ************  * ***  * *   *****   **                        *     
PHV    GTM-EGARFIFNPD------------------------------------------------------- 
CCV    GTT-ETREFIYDPAYKGTTRVHFLSSSPNVSIVHLLHSLINRDVRCRVGRAVAGVVCRRRCAXXCGNXA 
OMV    GSTNETREFRYHPDYKGTTKVHFLSSSPLVSIFPLKVNKCTEFGSXVTMARNCGVIERVLXIPRGSFIV 
       *   *   *   *                                                         
 
Figure 3.4 Protein sequence comparison of the partial ORF 62 of PHV with CCV using the 
program BlastP. Identical amino acids are marked with an asterix.                                                                                           
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3.4.2  Comparison of 373 bp of PHV genomic DNA extracted from tissues of 
fish in the 1995 and 1998 PHV epizootics 
Sequences of 3 samples from the 1995 epizootic and 3 from the 1998 epizootic 
were compared, with results shown in Table 3.1.  Only one of the 6 samples showed 
any sequence variation, present in a 1998 sample, although the codon involved still 
coded for histidine. 
 
Table 3.1. Sequence comparison of a 373 bp fragment of PHV isolates from 1995 and 1998 
to the reference sequence obtained from partially purified PHV. PHV sequences of samples 
from various parts of WA, New South Wales (NSW) and New Zealand (NZ) were all identical 
over the 373 bases with the exception of one strain from Garden Island in WA collected in 
1998, containing a single base change that did not result in any change in the encoded 
amino acid. 
Sample from PHV-affected fish  Year  Sequence similarity with 
reference strain 
95-4420 (NSW)   1995  100% 
Nelson Beach (WA)   1995  100% 
Bay of Islands (NZ)   1995  100% 
Smith’s Beach (NSW)   1998  100% 
FH/218 F Garden Island (WA)   1998  99.7% 
FH/218 A Esperance (WA)   1998  100% 
 
3.4.3  Attempt to obtain additional sequence of PHV using pZErO DNA library 
Pooled colonies from transformed pZErO plasmids were screened by the PHV373 
PCR for inserts.  From 3 pools a band of approximately the expected size was 
amplified (Figure 3.5).  The positive pools were A3, C3 and D4. 
 
           
                     N    A1   A2   A3   B1   B2   M    B3   C1   C2   C3     N      C4  C5   D1 D2  D3  D4  M     
 
Figure 3.5. Pooled colonies of pZErO transformants were screened by PCR for the PHV373 
bp fragment and analysed by agarose gel electrophoresis.  Pooled samples A3, C3 and D4 
contained a band of approximately the expected size.  Other pooled samples showed a 
larger sized product or primer-dimer only.  Lanes are labelled according to pooled colonies, 
after growth on agar plates that were labelled A to D. N = Negative control (water substituted 
for template); M = 100 bp DNA ladder (Fisher Biotec). 
373bp                                                                                          
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Individual colonies from the 3 positive pools were screened by PHV373 PCR for 
inserts that contained the 373 bp of PHV DNA.  Inserts were detected in clones 
identified as A3-3, C3-2 and D4-3 (Figure 3.6).  The size of the insert in the 3 
positive clones was determined.  PCR products for all 3 clones were ~1000 bp when 
primers M13F and M13R were used, and ~550 bp when primers T7 and PHV367R 
were used, suggesting that the inserts for A3-3, C3-2 and D4-4 were the same or 
very similar. 
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Figure 3.6. Agarose gel electrophoresis of individual colonies that made up the 3 pooled 
samples that produced a product of approximately the expected size with the PHV373 PCR.  
Three single colonies for each of the pooled samples seen in Figure 3.5 contained a band of 
~370 bp, in lanes 3, 6 and 12.  This confirmed that colonies A3-3, C3-2 and D4-3 contained 
inserts that consist of at least the 373 bp PHV DNA, and possibly additional sequence.  The 
bands seen in lanes 4 and 5 are greater in size than 400 bp and therefore non-specific.  
Lanes 1-4 = samples A3-1 to A3-4; lanes 5-9 = samples C3-1 to C3-5; lanes 10-13 = 
samples D4-1 to D4-4; P = positive control; N = negative control (water substituted for 
template); M = 100 bp DNA ladder (Fisher Biotec). 
 
Sequencing of the plasmid DNA minipreps as well as PCR products was attempted. 
The sequence data obtained matched E. coli and the vectors used.  When primers 
PHV373F and PHV367R were used, a 373 bp product was amplified that matched 
the known 373 bp sequence of PHV. 
The individual pZErO colonies that made up the pooled tubes A3, C3 and D4, but 
failed to amplify the specific 373 bp product, were used for further sequence 
analysis.  Resulting PCR products were of sizes 450, 650, 750 and >1000 bp.  All 
sequences matched E. coli.  
It was thought that the pZErO vector may have been causing the erroneous results, 
so the 1000 bp insert in pZErO was cloned into pCR2.1 and verified by PCR.  PCR 
products of ~900 bp and ~450 bp were sequenced.  Many sequencing attempts 
failed or matched E. coli, but some promising data was obtained.  The data, which 
was difficult to interpret, did not significantly match any sequence on GenBank but 
the known PHV 373 base sequence was identified within this new sequence.  
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The forward and reverse primers proven to be specific for PHV, PHV373F and 
PHV367R, were analysed for other sequence matches using BlastN, to check for 
possible cross-reactions.  No match of any sequence with PHV373F or PHV367R 
was considered significant.  
Although the new sequence data obtained required manual interpretation to get 
clearer data, the new sequence data matched PHV over the known 373 base 
region. There are still unknown bases in this sequence that need to be determined 
by further testing. This new sequence data, including the sequence data matching 
the known PHV data, is shown in Figure 3.7.  When this sequence data was 
analysed by performing a BlastN search, this aligned with only one sequence in the 
database.  This matching sequence produced a high alignment score and was 
determined to be Pilchard herpesvirus putative terminase. 
 
__________________________________________________________________________________ 
 
CGGTNTCGGACTGNGNGAAGACAGCGAGNCGTGAGAGANGGTCACATAATGGTCGTAGCGAGA
GGTGAGCACGTTGAANTACGATCANGTGNACAGAGTGGAATGTTGTTAGCACAACCGATATCCGG
AGCCAGTGCNTAGTGATACTGTGCANTATAGATTAGTGATGTTCGAGGTGGTCAGNAGCGTGANA
TGATNGNTGACGAACGGAACNNGTANATNGGTAGTGGTACGATTTGCNGGCGTCCAATATTATNA
GCGNATGGCGAGCGCNATAAACNCTACTGCANATAGATGNTTAGNCCAGAANACGCGTTGGGTG
NAGTGCAGAGGCGCGAGAAGCCACGGCAGACAAGATGAGTGAGGGCGTAATGNTNAGANACNG
GTGTGCAGAGTATGGTGCAGTAGTNAAAGTTNAGNACTTGAGGCGTGNCGATGATAGNAGANGC
AANTGACGGTATCTGCTATAGACAAGAGTGCNTGAGGTTTAGGCGATCAAACNATGGCAGTATAG
CTATTCAGTGCAGCNGAACGATCGTGTAACTATAGAAGACATATGAANAGTGCGCATCTAGCAGT
GGAGATGATTAAGCAATAANACTGAGCAGTACTCTATAATGCAGGATATCACGTANCTCCGTAAGA
ACTCGNGTCGCAGCTAGTAATAGTACGCGATGATCACACGTAAGCAGGTATTCGTGTGAACCGTC
ACGTTACCGGCATCCATGTGCGATATGACGCTGGTATGANAGCGTCATGTATAGCGAGAGGATAG
ACCGANATANGTATANCCGGTACGTTAGTGTAGCAATGAGCGTACGGATAGGTGGTTCGAGTGGA
TGGACGCGATCGAANATGTACTGTGCGGTCAAAGCGCGGGACCTGTGTGGCCNGGGGCATCCG
CTGTCATCGAGAGGGAAGTGAGGGCGGACCANGTGTCGANNAGGCTTGACGTNNNAGCGCGGG
TGGNATTTGTGGGATAATGTAGGCGGTAACAACGTACTTTGTATGGATTAGACTGCGGGTTAGGC
CCACACCCGGAGAGGTTCCCGGACCATATTCCCAAATGGCCATCTACCCCAGGAATGGTGTTCCA
GATTGNTAAAATTTTCACAAGATACAGTAAATGCTACTCGGTGTGTTTNTAGCCCCTTCAGACAATG
TGGGAAGACCACCATCATGCGTCTTTATTGGTCGCCGCGATGGTTCTTCACACGGGATATGGACG
TGTGTGGTCCAAGCTCAAAACATAAACATGTGNAAGCAAAACTTCAAGGGCTGTTGTCGCGATTGA
TGGCGGACTTCATGGACCGAGCCGAACGTTAGAGAAGGGAACACCGCTACACAAGAATGGTTGG
ACCCATGGGGGAGGAGTGANANAGNCCAANTTNNNCCCCCCCCCCTNCNTNNNNNNGNGAGAAC
ATAGATNACGAGGCTGTNGTGANGTACGAANATGNGGGAGATGTATGTGTCGCTAGCANCGATG
CGAAT 
__________________________________________________________________________________ 
 
Figure 3.7. New sequence data for PHV. The red text denotes sequence that matches with 
the known PHV 373 base sequence.  The black text represents unidentified and possibly 
new PHV sequence data.  There are still unknown bases in this sequence that need to be 
determined by further testing. 
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3.5  Discussion 
The ORF 62 gene, which encodes a putative terminase and is thought to be 
involved in DNA packaging, appears to be highly conserved throughout the family 
Herpesviridae (Davison, 1998), and therefore was useful for generating generic 
primers for obtaining the first sequence for PHV.  A PCR assay was successfully 
developed that amplified PHV DNA thought to be equivalent to the ORF 62 gene of 
CCV.  PHV was detected only in those fish samples likely to be PHV-positive and 
not in those collected prior to the 1995 and 1998 epizootics.  This PCR provides a 
valuable tool for the rapid, sensitive and specific detection of PHV, and for further 
characterisation of the virus. 
A comparison of the 373 bases of PHV sequence in tissues of fish from the 1995 
and 1998 epizootics was performed and variation was detected in only one of 7 
DNA samples.  The single nucleotide change detected does not seem to be 
significant, as it did not result in any change in the encoded amino acid.  At the level 
of the deduced amino acid encoded by the 373 bases, it therefore appears that the 
herpesvirus from fish affected during the 1995 epizootic was genetically 
indistinguishable from the PHV in fish affected during the 1998 epizootic.  However, 
as this research involved analysis of only 373 bp of the PHV it should be considered 
as preliminary data only.  There may be significant differences between the 1995 
and 1998 PHV isolates in other parts of the genome.  
Although these data allow only preliminary comparison of the 1995 and 1998 
isolates of PHV, the sequence of the ORF 62 gene of PHV did reveal that it is 
considerably different from that of other fish herpesviruses, such as CCV and 
SaHV2, and has no significant similarity to mammalian or avian herpesviruses.  The 
PHV sequence is most closely related to CCV and SaHV2, with 51% similarity at the 
amino acid level.  Not all fish herpesviruses have been sequenced over this region 
of the genome and therefore cannot be compared to PHV.  The 373 base sequence 
of the ORF 62 of PHV appears to be sufficiently different from other fish 
herpesviruses that its detection would provide evidence of the presence of PHV.  
The fact that this region analysed is known to be highly conserved in herpesviruses 
suggests that PHV is indeed unique.  Fish herpesviruses appear to be very different 
from mammalian and avian herpesviruses.  For example, the genomic structure of 
CCV resulted in CCV being characterised as the only species (Ictalurid herpesvirus 
1) in a separate genus Ictalurivirus (Buchen-Osmond, 2003).  Although virion and 
capsid morphology in CCV and other herpesviruses are similar, comparison of CCV 
genes with other known herpesvirus genes suggests they are quite different                                                                                          
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phylogenetically (Kucuktas and Brady, 1999).  Similarly, based on the current limited 
data, PHV appears to be related to other fish herpesviruses but bears no 
resemblance to mammalian or avian herpesviruses.  Indeed, CCV and SaHV2 share 
only 61% similarity at the amino acid level over the ORF 62 region, indicating that, 
while the fish herpesviruses appear to be phylogenetically similar, they are still very 
different from one another.  Recently another fish virus, Koi herpesvirus (KHV) has 
been widely reported (Ronen et al., 2003; Hedrick et al., 2004; Way et al., 2004). 
Sequence data have revealed that only small fragments (<50 bp) are similar to 
known viral genomes and, in particular, the thymidine kinase (TK) gene showed no 
similarity to other known herpesvirus TK genes (Ronen et al., 2003). The 
classification of piscine herpesviruses clearly needs to be revisited (Hedrick et al., 
2004; Way et al., 2004). 
As a result of the studies reported in this Chapter, new sequence data for PHV was 
obtained, but yet to be verified, from DNA present within pZErO clones obtained 
from AAHL.  Despite numerous attempts involving multiple clones, this was the only 
sequence data obtained that may have been PHV sequence.  The new data was 
analysed by several programs, including BlastN, BlastX, and BlastP and produced a 
match to PHV putative terminase over 373 bp of data.  The remaining sequence 
data did not match any other known sequence in the databases.  Unfortunately, due 
to time constraints, it was not possible to pursue further investigations of the 
sequence data.  This new data is preliminary and while the identity of some bases 
still needs confirmation, specific primers should be designed from this new 
sequence data and PCR products generated that could be used to confirm the 
identity of the sequence.  The entire base composition needs to be determined by 
repetitive sequencing before it can be entered as new PHV sequence in GenBank.  
Upon determination of the complete base composition, further analysis can be 
carried out with regard to protein prediction studies, relation to other herpesviruses, 
and sequence similarity over this region for the 1995 PHV and the 1998 PHV.  
If a pilchard cell line and live virus were available, virus isolation would have been 
attempted before considering working with the pZErO library.  In vitro isolation of 
PHV could open other doors, and attempts to culture the virus should not be 
abandoned. It would provide an alternative source of DNA for further 
characterisation of PHV and the utilisation of alternative means of cloning the 
genome, such as the use of bacterial artificial chromosomes (BACs).  Due to the 
large size of herpesviruses, there have been difficulties in more commonly used 
methods for sequence determination, and BACs allow for the stable cloning of 
herpesvirus genomes in E. coli.  Once cloned, the BACs are stable and DNA                                                                                          
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purified from E. coli is infectious and fully capable of reproducing replication-
competent virus (McGregor and Schleiss, 2001).  This may have future applications 
for PHV.  Replication of the virus in vitro would also enable the development of 
monoclonal antibodies: Arkush et al. (1992) developed monoclonal antibodies for 
CCV.  Prior exposure to PHV or latent PHV infections could then be determined by 
detecting anti-PHV antibodies in the serum of infected fish or viral antigens in their 
tissues.  It would enable the development of vaccines: Ronen et al. (2003) report of 
an attenuated virus for KHV that induces high serum levels of anti-viral antibodies: 
this attenuated virus was non-pathogenic and induced resistance to the disease 
(Ronen et al., 2003).  Hedrick et al. (2004) are using a similar approach in detecting 
anti-KHV antibodies in the serum of koi and common carp to demonstrate prior 
exposure of fish to KHV. 
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Chapter 4.  Attempted transmission of pilchard 
herpesvirus to wild caught pilchards 
 
4.1  Summary 
Additional methods for the detection of PHV were developed for the detection of 
PHV: in situ hybridisation (ISH) and real-time PCR. These methods were applied to 
a re-examination of the presence of PHV in paraffin-embedded tissues taken from 
fish during an attempt to transmit PHV to wild caught pilchards in 1999, and the 
results suggest that transmission of PHV was achieved. 
 
4.2  Introduction 
Although PHV was detected in association with gill lesions in pilchards suggesting it 
was a cause of the disease epizootics seen in 1995 and 1998, there were aspects of 
the disease process and the epizootics, particularly the apparently rapid 
transmission of the PHV between pilchards, that are unusual and difficult to 
reconcile with PHV as the only cause of the disease.  There have been suggestions 
that other factors might be involved and perhaps that PHV was present not as a 
primary pathogen, and that perhaps PHV was present as a reactivation of a latent 
infection in response to another agent or stressor. To provide additional evidence of 
the infectious nature of the disease, and perhaps to provide a model for additional 
studies of the disease process, an experiment was conducted in 1999 that 
attempted to transmit PHV to apparently healthy pilchards.  
At the time of experiment, the only methods for detection of PHV infection were 
electron microscopic detection of the virus, and histology that enabled the detection 
of characteristic gill lesions in affected fish. Pilchards did die during the transmission 
trial but died in both the PHV-challenged and control groups, and although gill 
lesions in some exposed pilchards were thought to be consistent with early stages 
of PHV disease, definitive lesions were not detected and it could not be proven that 
PHV was effectively transmitted. Actual numbers of mortalities were not recorded 
and information is anecdotal (Dr. Brian Jones, personal communication). 
Since this transmission experiment was conducted, additional methods have been 
developed for the detection of PHV, including PCR (Chapter 3). In this Chapter, the    
  54
development of additional methods of detection of PHV are described: in situ 
hybridisation (ISH) and real-time PCR. These methods were applied to a re-
examination of the presence of PHV in paraffin-embedded tissues taken from fish 
during the transmission trial, and the results obtained suggest that transmission of 
PHV was achieved. 
 
4.3  Materials and methods 
 
4.3.1  Transmission trial  
The transmission trial was conducted during 1999 at Bremer Bay, WA by staff of the 
Fish Health Laboratory of the Department of Fisheries WA, with an inoculum 
prepared from affected fish collected during the 1998 epizootic. When confirmed 
reports began of pilchard deaths near Esperance, moribund and sick pilchards were 
collected. The gills were removed from about 10 kg of affected pilchards and 
immediately placed into viral transport medium (Hank’s balanced salt solution 
[Sigma] containing 200 IU penicillin/mL, 200 µg streptomycin/mL and 2% (v/v) foetal 
bovine serum [Sigma]) and then frozen.  When required, the gills were homogenised 
using a frozen (-20ºC) sterile mortar and pestle and suspended in phosphate 
buffered saline (pH 7.4) with 10% foetal calf serum. The suspension was clarified by 
centrifugation (2000 x g, 15 min); the supernatant was recentrifuged (10,000 x g, 30 
min in a type TI 45 rotor [Beckman]). This suspension was examined by negative 
contrast electron microscopy to confirm the presence of viral particles. Virus in the 
remainder of the suspension was pelleted by centrifugation (110,000 x g, 1 h). 
For infection, one batch of live pilchards were purse-seined at Bremer Bay and held 
within a sea cage. A second batch was caught and held in a 12,000-litre grower tank 
utilising a recirculation system within a local factory. Both batches of pilchards were 
kept for a period of 3 weeks prior to the beginning of the trial, to condition them to 
commercial aquaculture feed. 
The trial was conducted in 6 x 660 litre tanks, each with independent filtration and 
aeration facilities. Three identical replicate tanks were used for the treatment whilst 
the remaining 3 were used as control tanks. The treatment and control tanks were 
contained within the same shed but separated by a 4 m high plastic curtain in order 
to avoid aerosol contamination. At the start of the trial period, approximately 20-30    
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pilchards were placed in each tank, with a minimum of 60 pilchards in the treatment 
groups and 60 in the control groups.  
All 6 tanks were monitored twice daily for dissolved oxygen, pH, temperature and 
salinity to ensure that environmental parameters remained constant between 
treatment and control tanks. The temperature throughout the trial remained constant 
between the trial tanks and control tanks, with recordings of 19-20°C. Nitrite and 
ammonia content were measured once daily and in the event of poor water quality, 
1/3 of the water from each tank was replenished by natural seawater or from the 
reservoir tank. Feeding within each tank occurred twice daily using a commercially 
available Black Bream feed to which the pilchards had been adapted. 
For infection of fish in each tank, 3.3 g of PHV-infected tissue was used to make a 
virus suspension as described above, and this suspension was then mixed with feed 
and fed to pilchards at 3-hourly intervals on each of the first 2 days of the trial. On all 
occasions, the pilchards immediately consumed the feed with no residual feed 
remaining in the tanks. A similar preparation of virus-free transport medium was fed 
to the control groups at the same times. To avoid cross-contamination of the 
treatment and control groups, the control tanks were fed first and fresh gloves were 
worn when mixing feed and feeding the pilchards. Operators rinsed all equipment 
with a disinfectant (Vircon®) at the end of each feeding session. 
All tanks and fish were monitored for a total of 23 days (including the 2-day infection 
period). The number of deaths within each tank was recorded 4 times daily and any 
dead pilchards were sampled immediately as described below. On day 13 of the trial 
a sub-sample of 8 fish were removed from each tank and similar samples collected 
and processed as described below. After 23 days, 20 fish from each of the control 
and treatment tanks were killed and processed also as described below. Residual 
pilchards (14 in the infected group and 15 in the control group) were kept and 
monitored for a further 21 days. 
From each fish, one set of gill arches was removed and half placed in 
glutaraldehyde fixative and the remainder frozen. The remaining gill arches together 
with the head and organs were fixed in 10% seawater-buffered formalin. Gills from 
treatment and control fish were examined for lesions using conventional histological 
techniques.  
Tissues from fish with histological changes suggestive of PHV infection in gill 
epithelium were sent to the Australian Animal Health Laboratory (AAHL) for PCR 
testing as described by Eaton et al. (2002), and examined retrospectively by PCR as 
described in Chapter 3, and by ISH and real-time PCR as described below. All    
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samples that were tested by PCR and real-time PCR were formaldehyde-fixed, and 
therefore DNA was extracted from these tissues using a different technique to that 
which was described previously for frozen tissues.  
 
4.3.2  ISH 
4.3.2.i  Riboprobes  
Four µL of PCR product was made up to 9.5 µL with sterile water (Astral Scientific) 
and used in a riboprobe reaction mix, consisting of 4 µL of 5X transcription buffer 
(Promega), 2 µL of 100 mM dithiothreitol (Promega), 3 µL RNA labelling mix 
(Boehringer-Mannheim), 1 µL of SP6 RNA polymerase (Promega) and 0.5 µL of 
RNAsin (Promega). The reaction mix was incubated at 37ºC for 2 h, followed by the 
addition of 2 µL of 0.2 M EDTA (pH 8.0) (Sigma) to stop the reaction. Labelled RNA 
was incubated at -80ºC for 30 min with 2.5 µL of 4 M lithium chloride (ICN) and 75 
µL of 100% ethanol to precipitate the labelled RNA. Following centrifugation (13,000 
x g, 20 min) the resulting pellet was washed in 70% ethanol (Sigma), centrifuged 
again (13,000 x g, 15 min) and dried following decantation of the supernatant. The 
pellet was then resuspended in 100 µL of sterile water (Astral Scientific). Ten µL of 
the preparation was electrophoresed in a 1.5% agarose gel (Progen) at 90 volts for 
50 min, to check the quality of the riboprobe. One µL of RNAsin (Promega) was 
added to the resuspended labelled RNA and the preparation stored in 5 µL aliquots 
at -80ºC.  
4.3.2.ii  ISH procedure 
The positive controls used for the ISH procedure consisted of tissue that tested 
positive for PHV by PCR, as well as formaldehyde-fixed tissue from a fish during the 
1995 epizootic that showed pathology consistent with PHV infection. Paraffin-
embedded tissue sections 5 µM thick were placed on silanated slides and allowed to 
dry. Sections were then heated at 65ºC in an oven for at least 10 min and then 
deparaffinised with xylene (Rowe Scientific) twice for 5 min each time, then 
rehydrated in 95% ethanol (Scot Scientific) for 5 min, then 70% ethanol for 5 min, 
and were then rinsed in Milli-Q (MQ) water for 5 min. 
Three hundred µL of Protease VIII (Sigma) diluted in Buffer 1 (100 mM Tris-HCl pH 
7.5, 150 mM NaCl) to a concentration of 375 ng µL
-1 was applied to each section 
and incubated at 37ºC for 20 min in a sealed plastic box moistened with MQ water. 
Following incubation, the sections were washed in MQ water, soaked in 95% 
ethanol (Scot Scientific) and left to air dry.    
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Prior to hybridisation, salmon sperm DNA (Sigma) was dissolved in MQ water at 10 
mg mL
-1, stirred with a magnetic stirrer for 5 h before being sheared several times 
through a 21-gauge hypodermic needle. The viscous solution was then boiled for 10 
min in a beaker of MQ water on a hot plate and stored in 1 mL aliquots at  -20ºC. 
For hybridisation, an aliquot of the sheared salmon sperm was placed on a heating 
block at 100ºC for 5 min just prior to use to denature the DNA, then placed on ice.  
A stock solution of hybridisation mixture was prepared and stored at room 
temperature, consisting of 5 mL formamide (Sigma), 1 mL dextran sulphate in sterile 
water (Astral Scientific) (stock solution of 2 g dextran sulphate [ICN] in 4 mL sterile 
water [Astral Scientific], filtered through 0.45 µM filter into a 5 mL vial and stored at 
4ºC), and 1 mL of 20X SSC (175.3 g NaCl [ICN], 88.2 g sodium citrate [ICN], 800 
mL sterile water, with the final solution adjusted to pH 7.0 with HCl [ICN] and made 
up to 1 L). Hybridisation solution was freshly prepared using 70 µL hybridisation 
mixture (previously prepared), 4 µL freshly denatured salmon sperm DNA at 10 mg 
mL
-1, 25.5 µL of TE8 buffer (10 mM Tris-HCl [ICN] pH 8.0, 1 mM EDTA [Sigma] pH 
8.0) and 0.5 µL of riboprobe previously prepared by in vitro transcription of PCR 
product. Before application to the section, the hybridisation solution was vortexed, 
then placed on a heating block at 100ºC for 10 min to denature the probe, then 
stored on ice until used. One hundred µL of this solution was applied per section 
and a coverslip added and fixed in place with rubber bands to prevent the coverslip 
from moving during boiling of the section. The section was then placed in a steamer 
over boiling water with the lid on for 10 min, to denature the nucleic acid in the 
tissue. Sections were quickly placed in a pre-warmed, humidified plastic box 
moistened with 4X SSC (200 mL of 20X SSC in 1 L MQ water) and incubated in a 
pre-heated oven at 50ºC for 2.5 h to allow hybridisation of the probe to viral DNA in 
the section. 
Following hybridisation, coverslips were carefully washed with 4X SSC, then gently 
washed twice for 5 min each time on a rocker in a square petri dish containing 4X 
SSC, then washed again twice for 5 min each time in 1X SSC, before being 
stringently washed for 15 min at ambient temperature in 0.1X SSC that had been 
heated previously to approximately 80ºC. 
Blocking solution (3% skim milk powder [Coles Supermarket] and 0.05% Triton-X-
100 [ICN] in 5 mL Buffer 1) was applied to the sections at room temperature for 30 
min in a humidified plastic box, after removing an amount for dilution of the antibody. 
Sheep anti-DIG (digoxigenin) antibody conjugated to alkaline phosphatase    
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(Boehringer-Mannheim) was diluted 1:500 in blocking solution and applied at 300 µL 
per section, and left overnight at 4ºC in a humidified plastic box. 
The sections were washed in Buffer 1 twice for 5 min each time, then immersed in 
Buffer 3 (100 mM Tris-HCl pH 9.5, 100 mM NaCl and 50 mM MgCl2) for at least 2 
min at ambient temperature. NBT/BCIP colour development solution (Boehringer-
Mannheim), diluted 1:50 in Buffer 3, was applied at 300 µL per section and left in 
darkness for at least 2 h, with the reaction monitored after 2 h for determination of 
the colour development. The sections were then immersed in 2 changes of MQ 
water to stop the reaction. 
The sections were counterstained by applying 0.1% neutral red (Sigma) for 30 
seconds, followed by 0.1% light green (Sigma) for 2 min, and were then rinsed in 
running tap water. An alternative counterstain was sometimes used, consisting of 
0.5% Bismark brown (Sigma) applied for 60 sec. Non-specific staining was removed 
by soaking in acetone for 10 sec. The sections were further dehydrated by dipping 
them 4-5 times in each of 2 changes of propanol, followed by 2 changes of xylene, 
before being mounted in DePeX (BDH Laboratory Supplies). Each section was 
examined by light microscopy for the presence of hybridised blue-purple probe 
against a light green background, or light brown background if Bismark Brown was 
the counterstain used. 
 
4.3.3  DNA extraction from paraffin-embedded tissues  
The following method “Preparation of paraffin-embedded tissues for PCR for 
Mycobacterium paratuberculosis” was adapted from University of Sydney’s Johne’s 
Disease Laboratory Manual and used to prepare samples for PHV testing. 
4.3.3.i  Preparation of tissue sections 
To minimise contamination, sections were cut only from 1 suspected positive 
paraffin block each day. The entire work area was wiped with 100% ethanol (Sigma) 
both before use and between blocks. A new blade was used for every new block 
and gloves were changed between blocks. Each block was wiped with 100% 
ethanol and placed in the microtome, trimmed and the sections discarded. Two 12 
µm thick sections were cut per block and placed in a sterile 1.5 mL screw-capped 
Eppendorf tube. Two additional sections were cut from each block and placed in an 
eppendorf as a duplicate sample, and stored at ambient temperature until required. 
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4.3.3.ii  Extraction of DNA from tissue sections 
To minimise contamination, DNA was extracted from only 1 suspect positive section 
on any 1 day. Eppendorf tubes containing the sections were centrifuged (16,000 x g, 
1 min) to pellet the tissue, and 200 µL sterile water and 0.5% v/v (1 µL) Tween 20 
was added. Each tube was boiled for 10 min, snap frozen in liquid nitrogen for 5 
min, boiled again for 10 min, snap frozen again in liquid nitrogen for 5 min and finally 
boiled for 10 min. The sample was re-centrifuged (3000 x g, 20 min) and the 
supernatant placed in a separate sterile tube. The supernatant contained milky 
strands and was therefore unsuitable for DNA quantification by spectrometry. 
Consequently, undiluted, 1:10 and sometimes 1:100 dilutions of each sample were 
tested by PCR to provide a range of template concentrations and include a 
necessary concentration of template required for a successful reaction. The 
extracted DNA samples were stored at –20ºC until required. 
 
4.3.4  PCR assay 
The PCR for detection of PHV (PHV373 PCR) was performed as described in 
Chapter 3. The amount of DNA in each reaction mix was 1 µL of undiluted, 1:10 or 
1:100 dilutions. 
 
4.3.5  Real-time PCR assay 
To generate a positive control, a PCR was performed on a known PHV positive DNA 
sample using the PHV373 PCR protocol. The resulting amplification product was 
electrophoresed, extracted from the agarose gel, purified and cloned into TA cloning 
vector pCR2.1 (Qiagen) as recommended by the manufacturer. PHV-positive clones 
were cultured in Luria-Bertani (LB) broth overnight and plasmid extractions were 
performed with a GenElute Plasmid Miniprep Kit (Sigma) as recommended by the 
manufacturer. This material was used to determine the sensitivity of the real-time 
PCR, although the intention of the real-time PCR was not for quanitification of PHV 
DNA in samples. A range of control negative samples were also tested to validate 
the real-time PCR and included samples from 56 fish from the 3 control tanks, 
processed in pools of 5 (with the exception of 2 pools of 3). 
The real-time PCR was carried out in an iCycler real-time thermalcycler (Bio-Rad) 
using 0.2 mL thin-walled PCR tubes (Bio-Rad). A master mix was prepared as    
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follows: 1X IQ Sybr Green Supermix (Bio-Rad), 250 nmol primer PHVRltF 5’- 
AGATACAGTAAATGCTACTCGTTGGTTT-3’, 250 nmol primer PHVRltR 5’- 
CGCGGCGACCAATAAGAC –3’, and sterile water to make the volume up to 19 µL. 
Reaction mixes of 20 µL per tube, consisted of 19 µL of master mix and 1 µL of 
template. A known positive control and negative control was included with each real-
time PCR run. 
Cycle conditions were 95ºC for 7 min, followed by 36 cycles of 95ºC for 15 sec, 
59ºC for 20 sec and 72ºC for 25 sec, then 72ºC for 3 min, followed by 40 cycles of 
60ºC for 10 sec with an increment of 0.5ºC per cycle, and finally held at 4ºC. Data 
collection and real-time analysis were enabled at the annealing step of each cycle 
(59ºC), and melt curve data collection and analysis were enabled at each increment 
in the latter 40 cycles. Samples were analysed by agarose gel electrophoresis, 
using a 4% gel run at 78 volts for 70 min. PCR products were visualised under UV 
for a band of 80 bp. Positive samples were purified using DNAce Quick-Clean 
(Bioline) and sequenced using the protocol described in Chapter 3. 
To validate the accuracy of the real-time PCR, 10 samples from the transmission 
trial were chosen. These samples included those that were real-time PCR positive, 
some were negative and some were borderline positive. These samples were 
randomly coded by a member of the Fish Health Laboratory staff and then retested 
by real-time PCR twice with the identity of the samples unknown, and then an 
additional time with the identity of the samples known. Specificity of the real-time 
PCR was also tested using DNA from 3 other aquatic herpesviruses, including CCV, 
OMV and SaHV1, as well as DNA from 5 non-pilchard fish. PHV was the only 
sample that produced a response on the amplification graph and melt curve graph 
(data not shown). 
Goldfish tissue (AS-03-4361) and koi carp tissue (AS-03-1898) were also included 
as negative controls. Both samples were treated the same as the transmission trial 
samples, from formaldehyde fixation, paraffin embedding, sectioning, DNA 
extraction and PCR.  
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4.4  Results 
 
4.4.1  1999 transmission trial in wild-caught pilchards 
Pilchards taken from the treatment tanks on day 13 of the trial showed subtle gill 
lesions, which were thought to be consistent with early changes seen in 1995 and 
similar to those in fish collected from commercial pilchard catches 2 days prior to 
significant fish kills occurring at Bremer Bay. 
On day 23 of the trial, lesions consistent with early stages of the disease were 
identified in 6 of 60 PHV-challenged pilchards.  Fixed tissues from 5 of these fish 
were examined by PCR by AAHL in 1999 (Table 4.1). Lesions were not detected in 
control pilchards. 
 
Table 4.1. Histology, ISH and PCR results for PHV transmission trial samples. PHV was not 
detected in any of the samples by any of the methods used, suggesting that PHV 
transmission was unsuccessful or that these methods lack the sensitivity required to detect 
PHV in these samples. Testing was performed at AAHL or the Fish Health Laboratory in 
Western Australia. 
Sample  Histological lesions  ISH  AAHL PCR  PHV373 PCR 
T1D3 (challenged fish)  Mild hyperplasia  Negative  Negative  Negative 
T1D1 (challenged fish)  No significant changes noted  Negative  Negative  Negative 
T3B1 (challenged fish)  Mild hyperplasia  Negative  Negative  Negative 
T2A6 (challenged fish)  Some changes noted (moderate 
focal acute hyperplasia*) 
Negative Negative  Negative 
T1C3 (challenged fish)  No significant changes noted  Negative  Negative  Negative 
T1D5 (challenged fish)  Not tested  Negative  Not tested  Negative 
C1-2 (negative control 
fish) 
Not tested  Negative  Not tested  Negative 
AS-03-4361 (goldfish 
tissue; negative control) 
Not tested  Negative  Not tested  Negative 
AS-03-1989 (koi tissue; 
negative control) 
Not tested  Negative  Not tested  Negative 
*Moderate focal acute hyperplasia that may be consistent with PHV disease, although the lesion was not extensive. 
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Further mortalities were detected on day 31 in the pilchards left within the sea-cage, 
located in the Bremer Bay marina, 10 days after the carcasses of wild pilchards 
began washing into the adjacent marina.  At this time only 10 of 400 pilchards 
remained in the sea-cage and lesions were noted on the gills of the surviving 
pilchards that were consistent with those caused by PHV.  
 
4.4.2  ISH 
Positive stained cells were not seen in any samples tested by ISH (Table 4.1).  
 
4.4.3  PCR 
All samples tested by PCR, using both the method developed by AAHL and the 
PHV373 PCR developed at the Fish Health Laboratory, were negative (Table 4.1). 
 
4.4.4  Real-time PCR 
The real-time PCR was could detect a minimum 776 genome copies of virus in the 
DNA material available.  
Real-time PCR results for samples tested are shown in Table 4.2. All PCR products 
from the 3rd real-time PCR (Table 4.2 and Figures 4.1 and 4.2) were analysed by 
agarose gel electrophoresis to confirm results (Figure 4.3) and samples that 
contained an amplification product of the appropriate size were confirmed as PHV 
by nucleotide sequence analysis of the product. 
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Table 4.2. Real-time PCR results for PHV transmission trial samples. Templates consisted of 
undiluted and 1:10 dilutions of the DNA sample. Positive samples were T1D3, T1D1 and 
T2A6.  
1
st real-time PCR at 
dilution: 
2
nd real-time PCR at 
dilution: 
3
rd real-time PCR 
at dilution: 
Sample 
Undiluted 1:10 Undiluted  1:10  1:100  Undiluted  1:10 
Summary 
result 
T1D3 +  +  +  +  -  -  +  + 
T1D1  -  - +  -  - + -  + 
T3B1  - - -  -  - - -  - 
T2A6  +  + +  +  - + +  + 
T1C3  - - -  -  - - -  - 
T1D5  - - -  -  - - -  - 
C1-2 (neg control from 
transmission trial) 
- - -  -  - - -  - 
AS-03-4361 (neg control, 
goldfish) 
- - -  -  - - -  - 
AS-03-1898 (neg control, 
koi carp) 
- - -  -  - - -  - 
 
 
 
 
 
Figure 4.1. Amplification graph for PHV transmission trial samples tested by real-time PCR. 
Positive samples are T1D3 undiluted, T1D1 undiluted, T2A6 undiluted and 1:10. All other 
samples were clearly negative, with no amplification. T1D3 1:10 was considered to be 
negative as this sample did not register a Ct value, even though the amplification graph 
suggested this sample was borderline positive. Positive control = PCR product cloned into 
vector pCR2.1; negative control = water substituted for template.  
 
-●- T1D3 undiluted 
-■- T1D3 1:10 
-▲- T1D1 undiluted 
-×- T2A6 undiluted 
-♦- T2A6 1:10 
-*- Positive 
-+- Negative 
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Figure 4.2. Melt curve graph for PHV transmission trial samples tested by real-time PCR. A 
few samples showed small but specific melt peaks consistent with the PHV-positive control. 
Positive samples were T1D3 undiluted, T1D1 undiluted, T2A6 undiluted and 1:10 dilution. All 
other samples are clearly negative, with no melt peak above the threshold. T1D3 1:10 (light 
green) was negative as this sample did not register a Ct value, even though the melt curve 
graph suggested that this sample was borderline positive.  
 
 
 
 
 
                 1      2    3     4     5     6     7     8     9    10   11  12   13  14   M1  M2 
Figure 4.3. Agarose gel electrophoresis of samples shown in Figures 4.1 and 4.2. Specific 
bands of 80 bp can be seen in lanes 1, 2, 3, 5 and 6 and are consistent with results 
illustrated by Figures 4.1 and 4.2. All other samples did not show a specific band. Lane 1 = 
T1D3 undiluted; lane 2 = T1D3 1:10; lane 3 = T1D1 undiluted; lane 4 = T1D1 1:10; lane 5 = 
T2A6 undiluted; lane 6 = T2A6 1:10; lane 7 = T1C3 undiluted; lane 8 = T1C3 1:10; lane 9 = 
T1D5 undiluted; lane 10 = T1D5 1:10; lane 11 = C1-2 undiluted (transmission trial negative 
control sample); lane 12 = C1-2 1:10; lane 13 = T3B1 undiluted; lane 14 = T3B1 1:10; M1 = 
25 bp DNA stepladder (Promega); M2 = Hyperladder IV 100 bp MW marker (Bioline). 
80bp 100bp 
50bp 
-●- T1D3 undiluted 
-■- T1D3 1:10 
-▲- T1D1 undiluted 
-×- T2A6 undiluted 
-♦- T2A6 1:10 
-*- Positive 
-+- Negative 
    
  65
 
 
Table 4.3. Negative control samples tested for validation of the PHV real-time PCR.  
Samples from fish from the 3 control tanks were taken into pools of 5 (with the exception of 2 
pools of 3 fish) and tested by real-time PCR. All samples were negative. 
 
Tube No.  Pooled samples  Real-time PCR result 
1  Control tank 1   No. 1-5  Negative 
2  Control tank 1   No. 6-10  Negative 
3  Control tank 1   No. 11-15  Negative 
4  Control tank 1   No. 16-18  Negative 
5  Control tank 2   No. 1-5  Negative 
6  Control tank 2   No. 6-10  Negative 
7  Control tank 2   No. 11, 12, 15-17  Negative 
8  Control tank 2   No. 18, 19, 21, 23, 24  Negative 
9  Control tank 3   No. 1-5  Negative 
10  Control tank 3   No. 6-8, 10,11  Negative 
11  Control tank 3   No. 12-16  Negative 
12  Control tank 3   No. 19, 21, 9  Negative 
 
Samples that were PHV-positive were T1D3, T1D1 and T2A6. Samples that were 
PHV-negative were T3B1, T1C3, T1D5, C1-2 (transmission trial negative control), 
AS-03-4361 (negative control, goldfish) and AS-03-1989 (negative control, koi carp). 
Positive transmission trial samples had a Ct value of >30 (positive control had a Ct 
of ~9), indicating low levels of PHV present, and melt temperatures were within ± 
1.0 of the positive control (melt temperature 83.0ºC). 
Due to the unexpected number of real-time PCR positives assays, all available 
negatives were tested by real-time PCR to further validate that the positives seen 
were not false-positives.  A total of 56 samples from negative control tanks 1, 2 and 
3 were analysed in pools of 3-5 and were negative by real-time PCR (Table 4.3). 
A blind real-time PCR was performed twice and results were confirmed by real-time 
PCR after the blind samples were decoded (Table 4.4).  
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Table 4.4. Summary table for blind real-time PCR testing of PHV transmission trial samples. 
Positive samples were T1D1 undiluted and 1:10 and T2A6 undiluted and 1:10. Other 
samples were negative. Not all previously tested transmission trial samples were included in 
this analysis.  
Tube 
No.  
Sample Original  real-
time PCR 
results (not 
blind) 
1
st blind real-
time PCR 
2
nd blind real-
time PCR 
Confirmatory 
real-time PCR 
(not blind) 
1  T1D5  1:100  Negative Negative Negative Negative 
2  T1D1  1:10  Negative Positive Negative Positive 
3  T2A6  undiluted  Positive Positive Positive Positive 
4  T1C3  1:100  Negative Negative Negative Negative 
5  T1D3  1:10  Positive  Negative Negative Negative 
6 T2A6  1:10  Positive  Negative  Negative  Positive 
7  T3B1  undiluted  Negative Negative Negative Negative 
8  T1D1  undiluted  Positive Positive Positive Positive 
9  T1D1  1:100  Negative Negative Negative Negative 
10 AS-03-4361 
undiluted 
Negative Negative Negative Negative 
 
Positive samples from the blind real-time PCR were T1D1 and T2A6. It should be 
noted that samples included in the blind real-time PCR were only a representative 
range of samples and not the entire group of samples tested previously. There were 
inconsistencies in results, with samples T1D1 1:10, T2A6 1:10 and T1D3 1:10 
appearing to be on the borderline for detection of PHV, as these samples were not 
consistently positive or negative.     
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4.5  Discussion 
 
Until recently, it was considered that results of the attempts to transmit PHV by 
feeding tissue homogenates of infected fish to wild caught pilchards, conducted in 
Western Australia in 1999, were inconclusive. Although pilchards collected on days 
13 and 23 showed gill lesions thought to be consistent with early stages of the 
disease, the reliance on histology and the absence of typical lesions made definitive 
conclusions impossible.  The results presented in this chapter using real-time PCR 
suggest this initial conclusion was incorrect and that transmission of PHV to wild 
stock was achieved. 
Transmission trials conducted with Koi herpesvirus (KHV) have shown that mortality 
begins typically 7-10 days following exposure of naïve koi and common carp to 
suspected carrier fish, and mortality rates can be up to 100% over a period of 2-3 
weeks (Gilad et al., 2002). The lesions seen from fish collected on days 13 and 23 
of the PHV transmission trial (Whittington et al., 1997) are within the time frame 
seen when KHV lesions were detected.  Ninety five percent of channel catfish virus 
(CCV) exposed fish die within 3-8 days (Gray et al., 1999a), especially when the fish 
are exposed to unfavourable conditions (Plumb, 1978). With the PHV transmission 
trial, there would have been stress to the fish, but it is possible that the water 
temperature was unfavourable for high levels of virus replication in fish within the 
tanks. It is not known what water temperature is required or if this is important, or if 
there are other factors needed for high PHV-associated mortalities to occur. 
Water temperatures play a crucial role in onset of infection for a number of fish 
herpesviruses (Walster, 1999; Office International Des Epizooties, 2003; Noga, 
2000; Plumb, 1978; Sano et al., 1993b), and so with the water temperature for the 
PHV transmission trial having been controlled, this may have hindered the onset of 
disease. Clinical signs in fish affected by KHV become apparent only within a 
temperature range of 17-25ºC, with mortalities occurring rapidly at the higher 
temperatures, while at the lower temperatures the disease process is much slower 
(Walster, 1999). Water temperature is also a main environmental factor favouring 
Oncorhynchus masou virus infection, occurring at water temperature below 14ºC 
(Office International Des Epizooties, 2003). In channel catfish infected with CCV, 
temperatures also play a major role in the onset of disease, with clinical signs 
developing in as little as 1 day when the temperature is 30ºC, whereas at 20ºC 
clinical signs may take 10 days to develop (Noga, 2000). Mortalities do not occur in 
channel catfish at 15ºC, whereas at 25-30ºC mortalities are rapid and severe (Noga,    
  68
2000). Temperature also plays a role in persistence of CCV in water, with virus 
persisting for up to 2 months at 4ºC and only 2 weeks at 25ºC (Plumb, 1978). 
Studies of Cyprinid herpesvirus 1 have shown that mortalities of carp fry were high 
at 15ºC and decreased with an increase in water temperature (Sano et al., 1993b). 
Water temperature was postulated as a contributing factor to the pilchard mortalities 
(Fletcher et al., 1997) but no correlation was found between water temperature, or 
any other environmental factor, and disease (Griffin et al, 1997; Fletcher et al., 
1997). While temperature is an important factor in the pathogenesis of these 
viruses, a temperature threshold may exist. 
The ISH failed to detect PHV in any of the transmission trial samples. The 2 
conventional PCRs used to test the transmission trial samples also did not detect 
PHV in the samples. There may be several reasons for this, including PHV being 
present but in such low concentrations that it is below the limit of detection of the 
test, or perhaps the DNA in the samples used for the PCRs were unsuitable for 
testing due to the samples being initially fixed in formaldehyde before being 
extracted from wax blocks. PHV was present and was detected by real-time PCR 
assay. The real-time PCR was clearly the most sensitive method for detecting PHV 
in the samples, and it was also the easiest and quickest of the 3 methods used.  
The observation that the real-time PCR provided higher sensitivity than conventional 
PCR and ISH for the detection of PHV in formaldehyde-fixed, paraffin-embedded 
tissues is expected, due to the size of the PCR product being amplified. The real-
time PCR amplified a small fragment of 80 bp, the PHV373 PCR amplified a larger 
fragment of 373 bp, and the ISH also targeted DNA of 373 bp. Formaldehyde-fixed 
tissue presents particular challenges for some molecular methods due to cross 
linkage of DNA (Karlsen et al., 1994; Williams et al., 1999; Srinivasan et al., 2002; 
Quach et al., 2004) and the smaller the fragment being targeted the more successful 
the reaction will be.  
The real-time PCR results suggest that in some samples the amount of PHV present 
was at the limit of detection of the assay. The 3 real-time PCR positive results 
obtained (T1D3, T1D1 and T2A6; Table 4.4) were consistently positive when an 
undiluted sample was assayed but inconsistently positive when the template was 
diluted 1:10, indicating that the amount of DNA present in the 1:10 dilution was on 
the limit of detection by the real-time PCR. The apparent low levels of PHV present 
provides an explanation for the inconsistent results that were sometimes obtained 
and this needs to be factored into the interpretation of results produced using this    
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assay. Contamination of samples did not appear to be a problem during the trial as 
none of the 56 control samples tested were positive.  
None of the control fish tested positive during the period of the transmission trial, 
which provides support for the conclusion that the fish were actually infected by the 
inoculum and that the wild fish used in the trial, which were caught not long before 
the epizootic front reached the capture area, were not infected at the time of 
capture.  It is also unlikely that the PHV detected was due to traces of inoculum fed 
to the pilchards during the first 2 days of the trial; it is unlikely that food traces would 
remain in the gills of active pelagic fish for 44 days post-inoculation.  
In conclusion, real-time PCR was the most effective and sensitive method for 
detecting PHV and it was used to provide evidence that PHV was horizontally 
transmitted to fish experimentally infected by feeding PHV extracted from gill tissue 
of affected fish. However, the mild lesions that were induced and the low level of 
PHV present in the infected fish indicate that the method used would not provide a 
model for further studies of the pathogenesis of the infectious process in pilchards.     
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Chapter 5.  Epidemiological aspects of pilchard 
herpesvirus infection 
 
5.1  Summary 
Using fish collected during the 1995 PHV epizootic, an investigation was conducted 
to determine if PHV was present in fish before the epizootic was seen and after the 
mortality front had passed. Archived tissues were examined using 3 molecular 
techniques: in situ hybridisation (ISH), PCR and real-time PCR. Real-time PCR was 
shown to have greater sensitivity than a conventional PCR and ISH for the detection 
of PHV infection.  PHV was detected in fish collected 4 days prior to the occurrence 
of the epizootic when the fish then appeared clinically normal, during the epizootic, 
and 8 days after mortalities had ceased. 
 
5.2  Introduction 
During the PHV epizootics in 1995 and 1998 the disease spread in a wave-like 
manner with pilchards at the mortality front appearing to be the most severely 
affected. When PHV was introduced is unknown. It could have been present within 
the population preceding 1995 and some factor or factors triggered the onset of 
disease, or it could have been introduced separately in both 1995 and 1998. Models 
have been proposed to explain how PHV spread so quickly. The most recent 
proposal is that the schooling patterns of pilchards, involving contact within and also 
between schools, allowed the rapid spread of the disease (Murray et al., 2003). 
During the disease epizootic, affected pilchards exhibited signs of stress a few 
minutes only before dying (Whittington et al., 1997) allowing infected and uninfected 
fish to school together (Murray et al., 2003). 
Little is known of the pathogenesis of PHV. The incubation period is unknown, it is 
not known if the virus persisted in the population after the mortality front had passed, 
it is not known if the virus was present in fish prior to the epizootic or if the virus 
persisted in recovered fish after the mortality front had passed. Pilchards surviving 
the mortality events had lesions, indicating that they had survived, rather than 
avoided, infection (Murray et al., 2003).     
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At the time of the first mortalities in 1995, a range of samples were collected and 
examined by histology (Whittington et al., 1997); these included those before the 
mortality front hit, those at the nadir of the mortality front, and after the front had 
passed. Electron microscopic examination of these samples revealed PHV only 
within samples from fish that appeared to have clinical signs (Hyatt et al., 1997). 
During the 1995 epizootic, fish seemed healthy 4 days before local mortalities were 
seen, then mild focal lesions in the gills were detected and became more 
generalised over the next 4 days, and there were minimal signs of disease 8 days 
after the front had passed (Whittington et al., 1997). Modelling by Murray et al. 
(2003) suggested that the incubation period was a maximum of 12 days, but that 
period depended on the speed of the epizootic front. 
Using fish collected during the 1995 epizootic, an investigation was conducted to 
determine if PHV was present in fish before the mortalities were seen and after the 
mortality front had passed, and the results are reported in this Chapter. While the 
investigation conducted by Whittington et al. (1997) relied on the use of electron 
microscopy for the detection of PHV, in situ hybridisation (ISH), PCR and real-time 
PCR were utilised for detecting PHV in this current investigation. 
 
5.3  Materials and methods 
 
5.3.1  Fish samples 
The samples used in this study were those that had been examined previously by 
histology at the University of Sydney and reported by Whittington et al. (1997) and 
are listed in Table 5.1. The samples were chosen based on time of collection and 
histological examination so that they included fish from before the epizootic (95-
4667), during the epizootic that were healthy, mildly affected and markedly affected 
(95-4420), and healthy fish after the epizootic (95-5135). Fish showing mild 
histological changes (designated 95-5000) collected as the mortality front was 
approaching were included to determine if any of the methods used could detect the 
assumed low level of infection in these samples. 
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Table 5.1. Histological results for the pilchard gill samples used in this study. Information 
provided courtesy of University of Sydney. Note that samples collected pre- and post-
epizootic appeared to be healthy fish, both on collection and histologically. Sample 95-4420 
were affected at the time of collection and showed the most severe changes histologically. 
 
Sample  Location of sample 
collection 
Collection in relation 
to 1995 epizootic 
Status at time of 
collection 
Histological 
examination 
95-4667  Iluka  Pre epizootic (4 days 
before) 
Healthy, live  Healthy, no 
significant changes 
seen 
95-5000 Iluka  Just  before  mortality 
front (2 days before) 
Affected, live  Slight changes seen, 
which may be 
consistent with viral 
infection 
95-4420  Port Stephens  During epizootic  Affected, dead  Marked changes 
seen. Severe 
hyperplasia in the gill 
epithelium 
95-5135  Iluka  Post epizootic (8 days 
after) 
Healthy, live  Healthy, no 
significant changes 
seen. 
 
Formaldehyde-fixed tissues that have been used for histological examination were 
sent to the Fish Health Laboratory in WA for further testing, including ISH, PCR and 
real-time PCR. Fish that had been immediately frozen after collection (95-4667, 95-
4420 and 95-5135) were thawed, and gill tissue placed in DNAzol (Life 
Technologies) and the DNA extracted as described in Chapter 3 and examined by 
the PHV373 PCR and real-time PCR as described in Chapters 3 and 4, respectively. 
Samples labelled as 95-5000 were available as formaldehyde-fixed tissues only. 
 
5.3.2  ISH 
ISH was conducted as described in Chapter 4. The negative control consisted of 
formaldehyde-fixed paraffin-embedded tissue from a negative control fish (C1-2) 
from the transmission trial (Chapter 4). The positive control consisted of gill tissue 
from frozen fish 95-4420 that was thawed, fixed in formaldehyde and then paraffin-
embedded. 
 
5.3.3  PCR 
DNA was extracted from frozen gill tissue of samples 95-4667, 95-4420 and 95-
5135 using DNAzol (Life Technologies) (Chapter 3). DNA was extracted from 
extractions (Chapter 4) from formaldehyde-fixed paraffin-embedded tissue gill tissue    
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of samples 95-4667 (fish No. 11, 13 and 14), 95-4420 (fish No. 1 and 2), 95-5000 
(fish No. 1, A2, 3, B3 and B4) and 95-5135 (fish No. 2, 4, 5 and 6). A total of 3 PCRs 
were conducted on each tissue. 
 
5.3.4  Real-time PCR 
Real-time PCR assays were conducted using the DNA extracted as described 
above (Section 5.3.3) on fixed and fresh tissues and the real-time PCR procedure 
described in Chapter 4. Real-time PCR positives were cleaned using DNAce Quick-
Clean (Bioline) as described by the manufacturer and sequenced as described in 
Chapter 3; samples sequenced included those from frozen samples 95-4420, 95-
4667 and 95-5135.     
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5.4  Results 
 
5.4.1  Histological examinations 
Histological examination of suitable samples was performed at the University of 
Sydney, with results shown in Table 5.1. 
Sample 95-5000 was still live when collected but showed signs of distress, and had 
only slight histological changes (Table 5.1). Sample 95-4420 was dead or near 
death and showed classic clinical signs of PHV-induced disease and had marked 
lesions of PHV infection including severe hyperplasia in the gill epithelium (Table 
5.1). Samples 95-4667 and 95-5135 collected prior to and after the epizootic front 
appeared not clinically affected and no histological lesions were present. 
 
5.4.2  ISH 
Samples 95-4667 and 95-5135 were negative by ISH (Figure 5.1a and 5.1b) and 95-
4420 was positive (Figure 5.1a and 5.1b); the positive staining was both nuclear and 
cytoplasmic. Sample 95-5000 was ISH-positive but only a few cells were positive 
(Figure 5.1c). All positive cells were in close proximity and surrounded by negative 
cells and tissue. Non-specific staining was not detected in the negative control 
tissues (Figure 5.1d). 
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Figure 5.1. ISH of gill tissue from various PHV-infected and uninfected pilchards. All 
sections were counterstained with Bismark Brown to illuminate the background tissue. (a) 
Sample 95-4420.This picture is illustrates the distribution of PHV DNA within the tissue, 
as seen by the dark blue staining against the brown counterstain. This tissue is markedly 
infected with PHV (x200 magnification). (b) Same sample shown in (a) at higher 
magnification (x400) demonstrating both nuclear and cytoplasmic location of the specific 
staining. (c) ISH of sample 95-5000 B4 showing a few cells with dark blue staining and 
indicating the presence of PHV. There is an absence of background or non-specific 
staining. This tissue was collected just as the epizootic was beginning (x400 
magnification). (d) ISH of a gill from an unaffected pilchard. Note that the lamellae are 
separate from each other, unlike the fused lamellae seen in (a) and (b), indicating normal 
gill tissue, and an absence of staining which indicate the absence of PHV (x400 
magnification). 
 
5.4.3  PCR 
Samples 95-4667 and 95-5135 from frozen fish collected prior to and after the 
epizootic front were negative.  Sample 95-4420 from frozen fish collected during the 
epizootic was positive. A typical gel electrophoresis photo of these samples is 
shown in Figure 5.2. All other samples were utilised undiluted and 1:10 dilutions of 
DNA extracted from formaldehyde-fixed, paraffin-embedded tissues as a template, 
and were negative (Table 5.2). The PCR product from sample 95-4420 was 
sequenced and the sequence was identical to that expected for the known 373 bp 
fragment of PHV.  
a b
c d   
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          M   1     2     3    4 
Figure 5.2. Agarose gel electrophoresis for PCR of samples from frozen pilchards collected 
before, during and after the epizootic. The only PCR product of the expected size is seen in 
lane 2 (373 bp) that is from fish collected during the epizootic. M = Hyperladder IV 100 bp 
MW marker (Bioline); lane 1 = sample 95-4667 collected from frozen fish pre-epizootic; lane 
2 = sample 95-4420 collected from frozen fish during the epizootic; lane 3 = sample 95-5135 
collected from frozen fish after the mortality front had passed; lane 4 = negative control 
(water and PCR master mix).  
 
Table 5.2. Summary of all PHV testing by ISH, PCR and real-time PCR. For the real-time 
PCR, template concentrations were undiluted, 1:10, 1:100 or 1:1000. Frozen samples were 
DNA extractions from gill tissue of fish collected pre-, during or post-epizootic and stored at –
20ºC. All other samples were DNA extracted from formaldehyde-fixed gill tissue of fish 
collected pre-, just before, during and post-epizootic that were immediately prepared for 
histology at the time of collection. The formaldehyde-fixed samples have been adapted to 
suit molecular testing, however it can be seen from the results that this method of 
preparation was less successful than using frozen samples. All methods used involved 
testing of each sample several times. Sample 95-4420, collected during the epizootic, was 
strongly positive by all 3 methods. 
 
Sample Method  of 
preservation 
ISH PCR  Real-time  PCR 
95-4667 (4 days before 
epizootic; 1 fish tested) 
Frozen Negative  Negative  Positive 
95-4420 (during epizootic; 1 
fish tested) 
Frozen  Strong positive  Strong positive  Strong positive 
95-5135 (8 days after 
epizootic; 1 fish tested) 
Frozen Negative  Negative  Positive 
95-4667 (4 days before 
epizootic; 3 fish tested) 
Formaldehyde-
fixed 
Negative Negative Negative 
95-5000 (2 days before 
epizootic; 5 fish tested) 
Formaldehyde-
fixed 
Positive Negative  Strong  positive 
95-4420 (during epizootic; 2 
fish tested) 
Formaldehyde-
fixed 
Strong positive  Negative  Strong positive 
95-5135 (8 days after 
epizootic; 4 fish tested) 
Formaldehyde-
fixed 
Negative Negative Negative 
 
373 bp    
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5.4.4  Real-time PCR 
Samples tested by real-time PCR are listed in Table 5.2, with typical results shown 
in Figures 5.3, 5.4 and 5.5. Of the DNA samples extracted from frozen fish, samples 
95-4667 and 95-5135 were positive, and sample 95-4420 was strongly positive.  
 
 
Figure 5.3. PHV real-time PCR amplification graph for samples collected prior to, during and 
after the epizootic samples. All samples, with the exception of 95-4667 No.11 and the 
negative control, registered a Ct value and showed amplification. (F) = frozen sample; all 
other samples were formaldehyde-fixed. Positive = positive control (PCR product cloned into 
vector pCR2.1); negative = negative control (water substituted for template). 
  
 
Figure 5.4. Melt curve graph for samples tested by the PHV real-time PCR. All samples, 
except for the negative control sample and 95-4667 No.11 formaldehyde-fixed, had a melt 
peak of 82.5 to 83.0 that was consistent with the positive control. Sample 95-4667 No.11 
formaldehyde-fixed did not register a melt peak, which is consistent with the lack of 
amplification seen in Figure 5.3. Colour codes are the same as for Figure 5.3.  
 
 
-○- 95-4667 (F)  
-□- 95-5135 (F) 
-●- 95-4667 No.11 
-■- 95-5000 No.1 
-●- 95-5000 No.A2 
-■- 95-5000 No.3 
-▲- 95-5000 No.B3 
-♦- 95-5000 No.B4 
-*- 95-4420 No.1 
-+- 95-4420 No.2 
-*- Positive 
-+- Negative    
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                                                    M1 M2    1     2    3      4    5     6     7     8     9    10   11   12   M1 
Figure 5.5. Agarose gel electrophoresis of samples from Figures 5.3 and 5.4. Lanes 3 and 
12 do not show amplification of a PCR product and are negative. All other lanes show an 
amplification product of 80 bp. M1 = 25 bp DNA Stepladder (Promega); M2 = Hyperladder IV 
100 bp MW marker (Bioline); lane 1 = 95-4667 frozen; lane 2 = 95-5135 frozen; lane 3 = 95-
4667 No.11 formaldehyde-fixed; lane 4 = 95-5000 No.1 formaldehyde-fixed; lane 5 = 95-
5000 No.A2 formaldehyde-fixed; lane 6 = 95-5000 No.3 formaldehyde-fixed; lane 7 = 95-
5000 No.B3 formaldehyde-fixed; lane 8 = 95-5000 No.B4 formaldehyde-fixed; lane 9 = 95-
4420 No.1 formaldehyde-fixed; lane 10 = 95-4420 No.2 formaldehyde-fixed; lane 11 = 
positive control (PHV PCR product cloned into vector pCR2.1); lane 12 = negative control 
(water substituted for template). 
 
 
DNA samples that were extracted from formaldehyde-fixed tissue blocks produced 
variable real-time PCR results. All the 95-4420 samples were strongly positive. 
There were also strong positives seen with samples of 95-5000.  All samples of 95-
5135 and 95-4667 were negative.  
Sequence data from frozen samples 95-4420, 95-4667 and 95-5135 matched the 
known 373 bp of PHV. 
 
 
25 bp 
100 bp 
50 bp 
80 bp    
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5.5  Discussion 
Three methods were used to give the greatest chance of detecting PHV, since the 
available samples had been prepared in different ways. For example, ISH was 
included because some of the samples available were originally prepared for 
histology and were formaldehyde-fixed. These samples were ideal for ISH but not as 
suitable for PCR or real-time PCR, and therefore a different DNA extraction method 
had to be employed. Other samples were from frozen fish and were suitable for 
PCR and real-time PCR using a standard DNA extraction method, but were unlikely 
to be suitable for ISH. 
ISH positive results were obtained but only with samples collected just before the 
epizootic front (95-5000 B4) where a few positive cells were observed in gill tissue 
(Figure 5.1c) and in a sample (95-4420) collected at the nadir of the epizootic that 
contained many positive cells (Figure 5.1a and 5.1b). One problem encountered 
with the ISH and most of these samples was that minimal tissue stayed on the slide 
by the end of the process, despite using silanated slides. The lack of positives seen 
may be due to positive tissue being washed off the slide, rather than the tissue from 
that sample being negative.   
PCR results obtained with DNA extracted from frozen tissues matched the 
histological results, and positive results were obtained only with samples collected at 
the nadir of the epizootic. All formaldehyde-fixed tissues, however, produced 
negative PCR results (Table 5.2). It is assumed that these fixed samples were not 
suitable for PHV373 PCR assays; this was confirmed when a sample that provided 
a strong PCR-positive sample prior to fixation (95-4420) was formaldehyde-fixed.  
Analysis of the presence of virus in formaldehyde-fixed tissue presents particular 
challenges for PCR due to cross linkage of DNA (Karlsen et al., 1994; Williams et 
al., 1999; Srinivasan et al., 2002; Quach et al., 2004). This perhaps could be 
overcome if the PCR were designed to amplify a fragment smaller than 373 bp.   
The real-time PCR assay produced positive results with all samples (95-4420) in 
which lesions had been detected, when both undiluted and 1:10 dilutions of the DNA 
template were used (Table 5.2). Positive results were also obtained with samples 
collected just before the epizootic front (95-5000; Table 5.2). The greater sensitivity 
of real-time PCR over the conventional PCR and ISH was demonstrated as none of 
these samples were positive using the conventional PCR and only 1 (No. B4) was 
positive by ISH.    
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Samples that were negative by PCR and positive by real-time PCR may have been 
due to either increased sensitivity or due to a non-specific event providing a false-
positive result. False-positives can arise in many ways, including non-specific 
amplification, contamination, cross-reactions, PCR-induced artefacts and over-
amplification (Cha and Thilly, 1993; Morris et al., 2002; Bustin and Nolan, 2004). 
The results obtained, however, were clearly not a problem in this current 
investigation where the results were consistent with the history of the samples being 
tested. 
Whittington et al. (1997) suggested that fish collected 4 days before the mortality 
wave appeared healthy, with lesions progressing from mild focal to generalised over 
the next 4 days, and PHV was not apparent 8 days after the epizootic front 
appeared. Results of this survey show that PHV was present in fish collected 4 days 
prior to the epizootic, even though they appeared healthy, and were also detected 8 
days after the epizootic front had passed. This is consistent with modelling by 
Murray et al. (2003) that predicted an incubation period of up to 12 days, depending 
on the speed of the epizootic front. The detection of PHV in samples after mortalities 
had ceased when real-time PCR was used but not when other techniques were 
used indicates that PHV persisted in the population of survivors at low levels.  
It may be possible that PHV has continued to persist in pilchards at low levels since 
the 1998 epizootic, and that the continued persistence of virus might be associated 
with the lack of major mortalities.  Perhaps the occurrence of the epizootics in 1995 
and 1998 were associated with disease in naïve populations of the fish. Fletcher 
(1992) documented that the life span of pilchards is 6 years in the east and 8 years 
in the west. Since mainly adult fish >2 years of age (Whittington et al., 1997), and 
only some juveniles in South Australia and Victoria (Gaut, 2001), were affected in 
the 1998 epizootic it would be expected that all adult fish that were present in 1998 
would now be dead.  
An investigation of the occurrence of PHV in the existing stocks of pilchards was 
investigated and the results are reported in Chapter 6. 
    
  81
Chapter 6.  A survey of wild pilchards for the 
presence of pilchard herpesvirus 
 
6.1  Summary 
An investigation of wild pilchards was conducted to determine whether PHV was still 
detectable in representative samples from 4 Australian pilchard sub-populations.  
Eight hundred pilchards were tested for the presence of PHV by real-time PCR and 
PHV was detected in the gills of 13.75%, indicating that the virus is now endemic in 
the Australian pilchard population.  Variation in the prevalence of infection in the 4 
subpopulations was detected, higher in western and southern populations than in 
populations from the east coast. 
 
6.2  Introduction 
Research conducted suggests that there are 4 distinct populations of pilchard in 
Australian waters: an eastern group (NSW), a south-eastern group (Victoria), a 
south-western group (South Coast Purse Seine Fishery, Albany, Bremer Bay and 
Esperance, Western Australia) and a west coast group (West Coast Purse Seine 
Fishery, Fremantle, Western Australia) (Syahailatua, 1992 cited by Fletcher et al., 
1997). 
Pilchards are highly active pelagic schooling fish with consistent seasonal migratory 
patterns.  Pilchard populations consist of mobile shoals of fish that contain large 
highly mobile schools (Fletcher et al., 1997). Schools are usually made up of similar 
sized individuals, but catches with mixed size fish are not uncommon and schools 
with different sized fish may be nearby (Fletcher et al., 1997).  The density of the 
fish within schools varies but it is known that they contact one another at times 
(Fletcher et al., 1997).  
Models have been created that have accurately reproduced the observed patterns 
of spread of the disease in 1995 and 1998, including a recurrent mortality near the 
origin in South Australia (SA) prior to wave-like propagation (Murray et al., 2003).  It 
is thought that, prior to the 1995 epizootic, sporadic mortalities ensured the increase 
of viral loads within schools until a critical number of infected fish was established, 
resulting in rapid dispersion of virus to other schools.  These models assume 
random contact between schools of fish and exchange of infected individuals    
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between schools (Murray et al., 2001; 2003).  Modelling also suggested that the 
infection rate was higher than the mortality rate (Murray et al., 2003).  
There are 3 possible scenarios that would contribute to the possible distribution of 
PHV (Prof. Richard Whittington, personal communication).  First, that all fish 
infected in 1995 and 1998 died due to PHV, and those remaining in 1995 have since 
died.  This would mean that PHV is absent and exotic.  Second, that PHV is 
maintained by a constant low level spread and only a small number of fish suffer.  At 
times of low environmental viral load, high host immunity or other unfavourable 
circumstances, efficient propagation of infection does not arise.  PHV is present 
either throughout the population or restricted to sub-populations and in this scenario, 
PHV is present and endemic.  Third, that PHV is present in a small proportion of 
pilchards across all sub-populations due to the entire population being exposed 
during the epizootics.  As the signs of latent infection are unknown, is would be 
considered in this scenario that PHV is distributed as a latent infection throughout 
the Australian pilchard population and endemic. 
Wild, apparently healthy Australian pilchards have not been tested for the presence 
of PHV since the epizootics, partly because rapid and reliable methods for the 
detection of PHV were not available.  With the development of new methods for the 
detection of PHV described in Chapters 3 and 4, detection of PHV in wild pilchards 
is now possible.  This Chapter reports a survey undertaken to determine the 
prevalence of PHV infection in pilchard sub-populations in Australia in 2004.   
 
6.3  Materials and methods 
 
6.3.1  Survey design 
In order to obtain an unbiased view of possible PHV occurrence in adult Australian 
pilchard stocks, representative samples of fish from each sub-population were 
obtained, and therefore included fish from 4 areas: southern Queensland/northern 
New South Wales, Victoria/South Australia, south coast Western Australia, west 
coast Western Australia.  Samples tested were from individual pilchards and were 
not pooled. 
Samples were selected as randomly as possible, given the practical limitations such 
as reliance on commercial catches for a source of pilchards. Randomised samples 
were collected from the commercial catch of professional fishers with the    
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assumption that schools of fish targeted at any time by these fishers would be 
representative of the sub-population from which they were caught. 
 
6.3.2  Fish samples  
Two hundred fish were collected from each of the 4 zones as shown in Table 6.1. All 
samples were individually quick frozen as this was the most practical method of 
collection and the real-time PCR was shown to be effective on frozen samples 
(Chapter 4). 
The positive control used for each PCR performed consisted of the PHV373 PCR 
product cloned into vector pCR2.1 (Chapter 4). A negative control consisting of 
water substituted for template was also included with each PCR. 
 
Table 6.1. Wild pilchards collected for PHV real-time PCR testing.  From each designated 
area, 200 samples were collected in multiple batches (catches).  Each batch of samples was 
assigned a laboratory number. From some areas, such as SA and NSW, it was difficult to 
obtain samples and, as a result, 200 fish from the same catch were used. 
 
Area of collection  Assigned laboratory No.  No. of 
samples 
FH04-078 50 
FH04-081 50 
Fremantle (west coast Western 
Australia) 
FH04-191 100 
FH04-085 50  Bremer Bay and Esperance 
(south coast Western Australia) 
FH04-199 150 
South Australia  FH04-221  200 
Northern New South Wales  FH05-016  200 
Total     800 
 
 
 
6.3.3  Extraction of DNA from gill tissue  
Gill tissues from each fish were placed in DNAzol (Life Technologies) and the DNA 
extracted as described in Chapter 3. Gill tissue was chosen as a result of previous 
PCR studies of the distribution of PHV within infected fish (Crockford, 2001).      
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6.3.4  Real-time PCR 
The PHV real-time PCR (Chapter 4) was used for all 800 wild stock samples. Each 
sample was tested at least twice using a 1:10 and 1:100 dilution of the extracted 
DNA as a template. Positives were confirmed by agarose gel electrophoresis. The 
amplified products from 2 samples were also sequenced to confirm the presence of 
PHV. 
Using a randomised table, 25 of the 800 samples were selected for testing using the 
conventional PHV373 PCR (Chapter 3) as listed in Table 6.2.  
 
Table 6.2. Results of a selection of samples tested by the PHV conventional PCR and real-
time PCR. Two samples are positive by PHV373 PCR and by real-time PCR, however some 
samples were positive by real-time PCR but negative by the PHV373 PCR. 
 
Tube No.  Sample No.  PHV373 PCR result  Real-time PCR result 
1 FH04-078  No.4  Negative  Negative 
2 FH04-078  No.12  Negative  Negative 
3 FH04-191  No.17  Negative  Positive 
4 FH04-191  No.22  Negative  Negative 
5 FH04-191  No.81  Negative  Positive 
6 FH04-191  No.96  Negative  Negative 
7 FH04-081  No.31  Positive  Positive 
8 FH04-081  No.32  Negative  Negative 
9 FH04-199  No.18  Negative  Negative 
10 FH04-199  No.66  Negative  Negative 
11 FH04-199  No.76  Negative  Negative 
12 FH04-199  No.96  Negative  Positive 
13 FH04-199  No.121  Negative  Negative 
14 FH04-199  No.141  Negative  Negative 
15 FH04-085  No.41  Negative  Negative 
16 FH05-016  No.13  Negative  Negative 
17 FH05-016  No.22  Negative  Negative 
18 FH05-016  No.110  Negative  Negative 
19 FH05-016  No.146  Negative  Positive 
20 FH05-016  No.160  Negative  Negative 
21 FH04-221  No.1  Negative  Negative 
22 FH04-221  No.33  Negative  Negative 
23 FH04-221  No.66  Negative  Positive 
24 FH04-221  No.100 Positive  Positive 
25 FH04-221  No.180  Negative  Negative 
Total 
positives/samples 
tested 
 2/25  7/25    
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6.4  Results 
Table 6.3 shows the prevalence of PHV in all samples tested. The 3 batches from 
the south west region of Western Australia had a similar prevalence of PHV to each 
other and to FH04-199 and FH04-221.  Samples FH04-085 and FH05-016 had a 
noticeably less prevalence of PHV.  The average prevalence of PHV infection in 3 
batches of pilchards in the south west region of Western Australia was 21.7%, in 2 
batches from the west coast region it was 12.5%, in one batch of fish from South 
Australia it was 17%, and in one batch of fish from the eastern coast (NSW region) 
there was a prevalence of 0.5% only.  The total prevalence of PHV calculated from 
all 800 fish tested using the PHV real-time PCR was 13.75% (Table 6.3). 
 
 
Table 6.3.  Prevalence of PHV in pilchards from 4 subpopulations detected using the PHV 
real-time PCR. 
 
 
 
South west Western 
Australia 
West coast 
Western 
Australia 
South Australia  New South 
Wales 
Batch No.  FH04-
078 
FH04-
081 
FH04-
191 
FH04-
085 
FH04-
199 
FH04-221 FH05-016 
Prevalence 14/50 
(28%) 
7/50 
(14%) 
23/100 
(23%) 
3/50 
(6%) 
28/150 
(19%) 
34/200 (17%)  1/200 
(0.5%) 
Sub-population 
average 
21.7% 12.5%  17%  0.5% 
Total prevalence (all 800 samples) =        110/800  (13.75%) 
 
Chi test analysis of the figures presented in Table 6.3 show that there was no 
significant difference in prevalence between sample in batches FH04-081 (west 
coast WA), FH04-191 (west coast WA), FH04-199 (south west WA) and FH04-221 
(south coast SA).  However, FH04-078 (west coast WA), FH04-085 (south west WA) 
and FH05-016 (eastern NSW) were significantly different (P = 0.05) from all other 
batches. 
Figures 6.1 and 6.2 show amplification curves and melt curves for positive fish from 
batch FH04-078.  These graphs were typical of those obtained with the real-time 
PCR, with positives showing amplification above the baseline threshold and a melt 
peak at approximately 83ºC.  Those that failed to record a Ct value were considered 
negative.  Fourteen samples from batch FH04-078 were positive and are clearly 
differentiated from the negative controls.    
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Figure 6.1. Amplification graph for PHV-positive samples from FH04-078, and controls, 
tested by the PHV real-time PCR. Positive samples had amplification above the baseline 
threshold and the negative controls no amplification. Sample No.19 was included, as this 
sample was starting to show amplification but did not registered a Ct value, and was 
therefore considered negative. Pos = positive control (PCR product cloned into vector 
pCR2.1); neg = negative control (water substituted for template). 
 
 
Figure 6.2. Melt curve graph for PHV-positive samples from batch FH04-078, and controls, 
tested by PHV real-time PCR.  All samples showed a melt peak that was consistent with the 
positive control. The 2 negative controls did not demonstrate any melt peak. Sample No.19 
was included as this sample has a melt peak, but was considered negative as no Ct value 
was recorded. Colour code is the same as for Figure 6.1.  
 
Only 3 positive samples were detected in batch FH04-085 (Figures 6.3 and 6.4), 
lower than in other batches but no amplification or melt peak was detected in the 
negative controls. 
-♦- No. 9 
-*- No. 10 
-□- No. 14 
-●- No. 15 
-■- No. 16 
-●- No. 17 
-*- No. 19 
-+- No. 20 
-●- No. 21 
-■- No. 24 
-*- No. 26 
-+- No. 32 
-+- No. 38 
-▲- No. 47 
-■- No. 49 
-♦*- pos   
-♦*- neg   
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Figure 6.3. Amplification graph for PHV-positive samples from batch FH04-085, and controls, 
tested by PHV real-time PCR. These 3 positive samples were the only positives in this batch, 
but showed amplification above the baseline threshold. Both negative controls showed flat 
lines. Pos = positive controls (PCR product cloned into vector pCR2.1); neg = negative 
controls (water substituted for template). 
 
 
 
Figure 6.4. Melt curve graph for PHV-positive samples from batch FH04-085, and controls, 
after testing by PHV real-time PCR. These 3 samples had a melt peak that was consistent 
with the positive control, confirming that the amplification seen in Figure 6.3 was specific for 
PHV. Both negative controls have not shown any peak. Pos = positive controls (PCR product 
cloned into vector pCR2.1); neg = negative controls (water substituted for template). 
 
Seventeen samples from Figures 6.1, 6.2, 6.3 and 6.4, plus 4 negative samples and 
controls, were analysed by agarose gel electrophoresis (Figure 6.5). 
 
-♦- No.1 
-●- No.19 
-*- No.20 
-♦*- pos   
-♦+- neg 
-♦- No.1 
-●- No.19 
-*- No.20 
-♦*- pos   
-♦+- neg    
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               1    2     3     4      5     6     7     8     9    10   11   12   13   M1  M2  14  15   16  17   18   19   20    21    N    P     N     
 
Figure 6.5. Agarose gel electrophoresis of samples shown in Figures 6.1, 6.2, 6.3 and 6.4. 
Specific bands of 80 bp can be seen in lanes 2-17, 20, 21 and for the PHV positive control. 
Some samples considered to be negative were also included, as were negative controls, 
shown in lanes 1, 18 and 19, where a specific band was not detected.  The sample in lane 8 
is considered to be negative, as suggested by Figures 6.1 and 6.2; however this sample has 
shown a faint specific band.  This sample may be a very low level positive, but negative by 
this test. Lane 1 = FH04-078 No.2; lane 2 = FH04-078 No.9; lane 3 = FH04-078 No.10; lane 
4 = FH04-078 No.14; lane 5 = FH04-078 No.15; lane 6 = FH04-078 No.16; lane 7 = FH04-
078 No.17; lane 8 = FH04-078 No.19; lane 9 = FH04-078 No.20; lane 10 = FH04-078 No.21; 
lane 11 = FH04-078 No.24; lane 12 = FH04-078 No.26; lane 13 = FH04-078 No.32; lane 14 
= FH04-078 No.38; lane 15 = FH04-078 No.47; lane 16 = FH04-078 No.49; lane 17 = FH04-
085 No.1; lane 18 = FH04-085 No.2; lane 19 = FH04-085 No.15; lane 20 = FH04-085 No.19; 
lane 21 = FH04-085 No.20; P = positive control (PCR product cloned into vector pCR2.1); N 
= negative control (water substituted for template); M1 = 25 bp DNA Stepladder (Promega); 
M2 = Hyperladder IV 100 bp MW marker (Bioline). 
 
Table 6.2 shows results for samples that were selected for testing using the 
conventional PHV373 PCR. Two samples were positive by both the PHV373 PCR 
and by real-time PCR. These positives were sequenced and confirmed to be 
amplification products of PHV. 
80bp 
50bp 
100bp 
200bp    
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6.5  Discussion 
PHV was detected in wild pilchards and the results indicate that PHV is now 
endemic in the Australian pilchard population.  The results suggest variation in the 
prevalence of PHV infection depending on the location of the pilchard 
subpopulation.  However, the sample numbers were small relative to the total 
population of pilchards, and the sampling method was not ideal.  Samples were 
collected following a randomised collection protocol but given that the professional 
fishers were relied upon to obtain samples, it can only be assumed that the samples 
collected were representative of the sub-population from which they were caught.  
Non-randomness in collection may contribute to some of the variation seen between 
sub-populations.  
There are also suggestions that pilchards from different sub-populations behave 
differently, and these behavioural differences could be important influences on the 
prevalence of PHV infection. Murray et al. (2003) argued that pilchards on the east 
coast behave differently to those on the west coast, which may explain the variation 
in these results. Firstly, there are regional differences in pilchard life spans, with fish 
living 6 years in the east and 8 years in the west (Fletcher, 1992); this may be why 
only 1 of the 200 fish from NSW was positive. The higher temperature of NSW 
waters compared to more southern areas could also be a factor in having only 1 in 
200 being infected, as well as the shorter life span of the fish. Irregularities between 
epizootics were apparent on the east coast (Murray et al., 2003) but on the west 
coast the pattern of mortality between epidemics was highly consistent (Murray et 
al., 2000). In the west, pilchards live in distinct populations in small regions 
(Fletcher, 1992), resulting in limited mixing of fish, which may explain why in both 
epidemics, the east-bound wave moved at twice the speed of the west-bound wave 
(Murray et al., 2003). Variation between sub-populations could also be due to the 
catch coming from a different commercial fisher and the method of catching and 
storage may be different.  
The high specificity of the real-time PCR and compromised sensitivity may have 
caused some very low level positives to appear negative. It should be noted that 
reporting of negatives simply means that samples are negative by the chosen 
method of testing. Samples may still contain virus particles but they may be below 
the level of detection for the test. PHV may also be present in tissues other than gill 
tissue, although previous studies of the distribution of PHV within infected fish 
suggested that gill tissue is the most suitable tissue for the detection of PHV 
(Crockford, 2001). It is also unknown whether the real-time PCR would detect the    
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presence of latent PHV.  This can be seen with sample FH04-078 No. 19 in Figures 
6.1, 6.2 and 6.5. This sample was negative by amplification and melt curve analysis 
but contained an amplification product of only 80 bp, detected by agarose gel 
electrophoresis. This sample may have such a low level of virus present that it 
produces a band on an agarose gel but failed to amplify enough PCR product to 
register a Ct value. All samples that did not register a Ct value were considered 
negative.  
It has been shown in Chapters 4 and 5 that the PHV373 PCR was less sensitive 
than real-time PCR, and it was expected that not as many, if any, positives would be 
detected using the conventional PCR. However, some positives were detected using 
the PHV373 PCR, although most samples that were positive by real-time PCR were 
negative with the PHV373 PCR.  These results indicate that when high sensitivity 
and specificity are required, real-time PCR should be used.  
A prevalence of PHV infection of 13.75% was detected in the 800 pilchards 
sampled, indicating infection is common, and the reason for the lack of mortalities is 
unknown.  There could be a number of reasons why PHV is endemic in wild 
pilchards but diseased fish are not observed. First, it is possible that mortalities are 
occurring on a small scale and are not seen. Second, it is possible that only a small 
number of pilchards are adversely affected due to low levels of PHV, levels so low 
that it may not be enough to cause mortality. Third, it is possible that some fish are 
mildly affected but have resistance following exposure during the 1998 epizootic, 
and recover.   
Juveniles were omitted from this survey. If residual PHV from the 1998 epizootic 
was detectable it was assumed that this would only be found in adult fish. The 1995 
epizootic killed only adults; in 1998 almost all fish killed were adults (Gaut, 2001). 
Since PHV was detected in adults in the current experiments, it would now be 
valuable to test juveniles. In 1998, juvenile pilchards died locally from PHV, 
indicating that they are not completely resistant (Murray et al., 2003), but juveniles 
also only erratically mix with adult pilchards and mostly live in isolated populations in 
individual bays (Neira et al., 1999), and so less PHV infections would be expected. 
This current study only addressed the presence or absence of PHV in wild pilchards, 
and further studies should be undertaken to quantify the titre of virus within positive 
fish, which could be done using real-time PCR. The model proposed by Murray et al. 
(2003) predicts levels of infection of PHV that are much higher than the estimated 
levels of mortality. This suggests that some infected pilchards did survive during the 
epizootics, and this is likely as pilchards examined immediately after the mortality    
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wave had lesions, indicating they had survived (Murray et al., 2003).  
Whether PHV is currently endemic and replicating in small numbers of fish or 
whether it is present in a latent state only, remains unanswered.  However, since 
pilchards live for up to 8 years, fish present in 1998 must now be dead, and this 
suggests continued transfer and replication of PHV in the pilchard population.  
Latency is a complicating factor and further studies regarding latency would be 
useful. A test to detect latent virus and to differentiate latency and replicating virus 
would also be useful for determining the number of imported pilchards that are 
carriers of PHV. This was beyond the scope of this project, but should be the focus 
of further studies. Certainly, the possibility of testing imported pilchards by real-time 
PCR for the presence of PHV is now possible.  
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Chapter 7.  General discussion 
 
The primary aims of the studies reported in this thesis were to further characterise 
the PHV which had been initially identified by Hyatt et al. (1997) and to develop 
technology that would provide detection methods for PHV that were both specific 
and sensitive, and to use these techniques to improve our understanding of PHV 
infection in Australian pilchard stocks.  These studies, particularly attempts to further 
characterise PHV, were made difficult as they were undertaken several years after 
the 1998 epizootic and relied upon the use of archival material, some of it 
formaldehyde-fixed and some frozen at -20ºC.  The tissues stored frozen were not 
in a perfect state of preservation and the formaldehyde-fixed tissues that were 
available required the development of techniques that would overcome the genetic 
changes associated with formaldehyde fixation. 
The results obtained in this thesis have contributed greatly to our understanding of 
PHV infection in pilchards, especially to our understanding of the epidemiological 
features of PHV infection during the 2 epizootics that occurred in 1995 and 1998.  
These epidemiological studies were enabled by the development of a number of 
genetic based tools, including PCR, real-time PCR and ISH for detection of the 
PHV, which provided a degree of sensitivity that was not possible by reliance on 
histological and electron microscopic observations.  The genetic based techniques 
that were developed have not only been important in furthering our understanding of 
the epidemiological features of PHV infection but would also have application for the 
diagnosis of infection in the event of a further epizootic.  Given that all of the 
molecular tools developed and used in this project were tested on tissues that were 
either formaldehyde-fixed and stored as archival material, or frozen at -20°C for 
several years, there is room for improvement for all of the molecular techniques 
used in this project if more suitable samples were available.  In the event of another 
epizootic occurring, it would be expected that the sensitivity of the molecular tests 
would increase considerably if they were applied to fresh tissue, which would be 
available and would be the preferred sample, if another epizootic occurred.  Fresh 
tissue is more likely to be intact and suitable for PCR and real-time PCR than tissue 
that has been formaldehyde fixed and stored for several years.  Another fish kill, 
although not desired, would allow the collection of more suitable samples and 
enable more detailed studies to be carried out.    
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The ISH has proven to be a valid method with a degree of sensitivity that at least 
matches that of the PHV373 PCR when the samples used have been formaldehyde-
fixed (Chapter 5).  However, the ISH can be a complex and time-consuming 
process.  The main benefit of ISH is the ability to test a range of tissues at the same 
time, on the same histological slide, and see the results clearly, and all within 
minimal time.  This method was useful in this project for samples that were 
formaldehyde-fixed, as these samples weren’t suitable for PCR.  However, with the 
development of the real-time PCR, the suitability of the ISH was outweighed due to 
the heightened sensitivity of the real-time PCR, whether the samples were 
formaldehyde-fixed or frozen.  The real-time PCR also outweighed the ISH in terms 
of testing time, with results for the real-time PCR being available at least one day 
earlier than the ISH results.  In terms of simplicity, again the real-time PCR was the 
preferred method, with the ISH requiring someone with hands-on experience to 
perform the technique. 
The PCR that was developed was important as it enabled the identification of 373 
bp of the genome, and this genome sequence was subsequently used for the 
development of real-time PCR and ISH probes.  It was apparent, however, that the 
PCR, while it was more sensitive than the use of histology and electron microscopy 
for the detection of PHV in tissues of infected pilchards, failed to detect virus in 
some fish that were positive by real-time PCR testing.  The PCR did, however, still 
detect PHV in some samples that appeared to be healthy, indicating some degree of 
sensitivity and usefulness for screening samples when PHV infection is suspected, 
especially if real-time capabilities are not available at that time or place of testing.  
The use of PCR enabled a comparison of the viruses present during the 1995 and 
1998 epizootics.  Sequencing results suggest that the 1995 and 1998 strains are the 
same.  It appears from this sequence data that PHV is most closely related to CCV 
and OMV, and a sequence similarity of PHV to CCV and OMV of 51% suggests that 
PHV belongs to the fish herpesvirus group.  While the sequence examined was from 
a region of the genome that is highly conserved in herpesviruses, and sequence 
similarity over this region was expected, the sequence was also unique and much of 
it did not match with any other organism in the GenBank database.   
The fish herpesviruses appear to be in a class of their own and exhibit significant 
variation between them, and PHV is no exception.  A problem of comparing 
sequence data of fish herpesviruses is that even the most similar fish herpesviruses 
still only share 59% homology at the amino acid level, resulting in a lot of dissimilar    
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sequence. In other organisms, a match of 59% may not be considered to be similar 
enough to be significant.   
Additional sequence data was obtained, although this needs further verification and 
the data obtained is preliminary.  Upon verification of the complete base composition 
of this additional fragment of the genome, further analysis can also be carried out 
with regard to protein prediction studies, relation to other herpesviruses, and 
sequence similarity over this region for the 1995 PHV and the 1998 PHV.  These 
studies will help to further identify where PHV fits into the Herpesviridae, and also 
where PHV belongs in terms of the aquatic herpesviruses. 
When the PCR was being developed, other regions of the genomes of the fish 
herpesviruses were examined for sequence similarity.  At that time, a lot of the fish 
herpesviruses that are now identified were not characterised or had only small 
amounts of sequence data known, making a comparison of like-regions of the fish 
herpesvirus genomes difficult.  At that stage, there was no other suitable region of 
the fish herpesvirus genomes listed that were similar enough to allow the design of 
suitable primers for PCR, apart from those designed from the most conserved 
region, the ORF 62 gene.  With the recent identification of more fish herpesviruses 
and further characterisation of some of them, another comparison of the fish 
herpesviruses sequences may be useful for determining other regions of homology, 
and possibly allow the design of new primers over a different region of the genome.  
However, it is predicted that due to the sequence divergence amongst the fish 
herpesviruses, it would be unlikely to find an area that is more highly conserved than 
the ORF 62 gene. 
If a pilchard cell line and live PHV were available, virus isolation would have been 
attempted before considering working with the pZErO library.  In vitro isolation of 
PHV could open other doors, and attempts to culture the virus should not be 
abandoned.  It would provide an alternative source of DNA for further 
characterisation of PHV and the utilisation of alternative means of cloning the 
genome, such as the use of bacterial artificial chromosomes (BACs).  Replication of 
PHV in vitro would also enable the characterisation of viral proteins and the 
development of monoclonal antibodies.  Prior exposure to PHV or latent PHV 
infections could then be determined by detecting anti-PHV antibodies in the serum 
of infected fish or viral antigens in their tissues.  It would enable the development of 
vaccines.  
Real-time PCR technology added an additional degree of sensitivity to the detection 
of PHV, and enabled studies of the occurrence of the virus at times when the    
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epizootic was occurring as well as the present status of the population.  This was 
not possible using the conventional PCR, due to the lack of sensitivity of the 
conventional PCR when compared to the real-time PCR. 
The development of a real-time PCR for the detection of PHV is a valuable detection 
method, being very rapid, easy, and sensitive enough that it is able to detect low 
copy number of virus particles, even when the fish appears to be healthy.  However, 
the real-time PCR developed in this project was designed to target DNA, which is 
useful if trying to detect PHV in its replicative form, but may not be so effective when 
trying to detect PHV in pilchards that are healthy and are carrying only latent PHV.  
The fact that the real-time PCR can detect very low levels of PHV - levels so low 
that with some of the samples used the fish itself appears healthy, means that the 
real time PCR may be so sensitive that it can detect residual PHV DNA after the 
main load of virus has gone into the site of latency.  A real-time PCR targeting a 
latent gene would be useful for research into latency and useful for determining if 
the detection of PHV in healthy samples was residual DNA following PHV infection, 
with no latent state, or PHV in a latent state.  As yet, the only characteristics that 
classify PHV as a herpesvirus is the morphology of the virus particle under electron 
microscopy, and there are still many unknown characteristics of this virus.  
The real-time PCR was used to re-examine tissues from a transmission trial 
conducted in 1998, which did not provide unequivocal evidence that PHV was 
infectious and able to cause lesions typical of those seen during the epizootic.  The 
use of real-time PCR demonstrated that PHV present in affected tissue was, when 
added to commercial black bream pellets and fed to wild caught pilchards, 
transmitted to some of the wild caught fish.  This demonstrates a method of 
transmission of PHV that is possible but does not confirm the route of transmission 
in the wild.  It is believed that PHV was transmitted in the 1995 and 1998 epizootics 
by water-borne transmission, but this is yet to be proven.  The mild lesions that were 
induced and the low level of virus present in the infected fish indicate that the 
method used for the 1999 transmission trial would not provide a model for further 
studies of the pathogenesis of the infectious process in pilchards. 
The real-time PCR also determined aspects of the PHV infection process in fish 
during the epizootics.  PHV was detected in fish collected 4 days before the 
epizootic front, during the front, and 8 days after the front had passed.  The samples 
that were available for this study were archival and limited the information that could 
be obtained on the length of the virus incubation period and persistence of the virus 
after the epizootic front had passed.  However, the information obtained was    
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consistent with modelling by Murray et al. (2003) that predicted an incubation period 
of up to 12 days, depending on the wave speed of the epidemic.  The detection of 
PHV in samples after mortalities had ceased indicates that virus persisted in the 
population of survivors at low levels. It is significant that PHV was detected in fish 
that appeared to be healthy at the time of collection but it is unknown whether PHV 
was present prior to the 1995 epizootic.  
The real-time PCR was also used to investigate the current PHV-infection status of 
the Australian pilchard population.  Australian pilchard stocks are currently high, with 
fishers having some of the highest catches of pilchards that they have ever had, 
indicating that although the 2 epizootics were devastating to the pilchard fishing 
industry, not all pilchards died and stocks were able to recover.  Most juveniles were 
not affected throughout the epizootics, suggesting that these fish may have 
remained persistently infected, and would have thrived after majority of the larger 
pilchards were affected.  It is also known that pilchard fecundity tends to increase 
when the population is stressed, so that even with small-scale mortalities occurring, 
this may increase stocks as a result.  The fact that not all pilchards died poses the 
question of immunity or host protection, where some pilchards may be more 
protected from PHV infection than others.  It appears that some adult fish are able to 
recover from PHV infection and survive, suggesting the development of immunity in 
surviving fish.  Latency is a well known event in herpesviruses, with the virus 
persisting for prolonged period, maybe for life, and if the same was true for PHV in 
pilchards than these recovered fish, if stressed, could excrete infectious virus and 
act as a source of PHV infection for other pilchards.  In survivors of CCV, a strong 
protective immunity is induced with circulating antibodies and latency (Office 
International Des Epizooties, 2003) although the site of latency is still being 
identified and CCV can be detected in several tissues and in the blood of latently 
infected catfish.  With KHV it is still unresolved whether latency occurs following 
acute disease (Hedrick et al., 2004).  There is little known about latency in other fish 
herpesviruses.  With the discovery that PHV is detectable in live and apparently 
healthy pilchards, it would be useful to develop a PCR to target a latent gene, such 
as an immediate-early mRNA transcript, to determine a state and site of latency of 
PHV.  It would also be useful to use the real-time PCR capabilities to determine 
copy number of PHV virus particles present within archival and fresh tissues, to 
accurately determine levels of PHV infection before, during and after the epizootic, 
and levels present in the current population.  Different tissues from infected fish 
should also be tested to determine sites of virus dormancy during PHV infection and 
also in pilchards of the current population.    
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It is predicted that mortalities of the scale seen in 1995 and 1998 are not likely to be 
witnessed again due to the continued presence of PHV within the population and the 
likelihood of a degree of immunity in pilchards in the current population.  It is 
expected, however, that small-scale mortality events will occur, but will probably not 
be seen.  If a small-scale mortality event does occur, it is likely to go unnoticed due 
to scavengers eating the dead pilchards before they can be washed ashore and 
noticed, or if a small number of pilchards die further out to sea they will be diluted by 
predators to the degree that they will be unnoticed.  The feasting of predators on 
dead pilchards during the 1995 and 1998 mortality events was noted, and a report of 
a small-scale mortality in Tasmania has been reported since then, but within a short 
amount of time no samples were available due to scavengers.  This is likely to be 
the scenario for future pilchard mortality events.  Other scenarios are, however, also 
possible.  For example, if only a small number of pilchards were adversely affected 
due to low levels of virus then these low levels may not be enough to cause 
mortality.  It is also possible that some fish are mildly affected but have resistance 
following exposure during the 1998 outbreak, and recover.   
The scenario of wild pilchards harbouring low levels of virus, with mortalities 
occurring in times of stress that are so small scale that they are unnoticed, seems 
feasible.  This would explain why no other large-scale pilchard mortalities have been 
seen for several years.  It would also explain why the real-time PCR, with its 
heightened sensitivity and proven ability to detect low levels of PHV, was able to 
detect virus in more samples than the conventional PCR.  It is feasible that another 
PHV epizootic will never occur in Australian waters and further studies should 
include the testing of pilchards from overseas waters for the presence of PHV.  If 
PHV is present elsewhere overseas, especially with no large-scale mortalities 
having been reported, then this may give an insight into how PHV was introduced 
into Australian waters.  
Now that PHV is present within the wild population this provides an unlimited supply 
of live virus, which was previously a limiting factor in PHV research and opens many 
opportunities to further characterise PHV and the associated disease.  
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